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This work provides an in-depth study into the development of a complex two-dimensional 
flow field resulting from the interaction of a plane shock wave in air with concave profiles. 
Of particular interest are the development of reflection patterns of the incident shock wave at 
the profile wall and the process of gas dynamic focus. These principal flow features are 
examined across a wide range of different reflector shapes using both experimental and CFD 
approaches. The size of the various reflector shapes were specified by varying their depth-to-
aperture where models ranged from 0.2 to 1. Model apertures for numerical test pieces were 
fixed at 160 mm; experimental test pieces ranged from 140 160A  mm. The strength of the 
incident plane shock wave was limited to 1.2 1.45SM  . 
 
The principal flow features were established and examined experimentally using qualitative 
and quantitative flow visualization techniques supplemented with numerical results. Time-
resolved high-speed imaging was used to capture the interaction providing the unique ability 
to track the various transient flow features over the course of the interaction. The variation of 
the principal flow features were examined by testing a large group of profiles using an 
experimentally-validated Euler-based CFD code.  
 
The depth-to-aperture ratio of the profile and the incident shock strength were shown to be 
the two primary factors that influenced the maximum pressure amplification at focus and the 
focus mechanism. Increases in the depth-to-aperture ratio increased the maximum pressure 
amplification observed at focus. This occurred due to a combination of factors including: the 
strengthening of the individual shock waves involved in focus; the duration of focus and the 
strengthening of a compressive flow field that develops adjacent to the shock system during 
focus. The compressive flow field adjacent to the shock system at focus was shown to be of 
great importance to the focus process. Parabolic or weighted catenaries with depth-to-
aperture ratios between 0.7 and 0.75 developed a new focus mechanism consisting of 
multiple foci. This new focus mechanism was shown to produce significant peak pressure 
amplifications. Recommendations for further study include high resolution experimental 
and/or CFD studies of gas dynamic focus in deep profiles.   
v 
 
Contributions of this work 
This work involves the analysis of the complex two-dimensional flow field that arise due to 
the interaction of a plane incident shock wave in air with concave profiles. This thesis has 
contributed the following aspects to this field of research: 
 
 The application of shearing interferometry flow visualization and time-resolved high-
speed video photography of cavity flows has permitted the identification and tracking 
of compression and expansion fields that develop in the flow field. In particular, the 
development of the compressive field adjacent to the focal region during focus has 
been shown to be of great importance to the focus process.  
 Identification of a new focus mechanism in deep profiles has shown that multiple gas 
dynamic foci occur in parabolic and weighted catenaries with depth-to-aperture ratios 
of around 0.7. The short duration of this focus along with the multiple foci that occur 
have been shown to produce significant peak pressure amplifications in the focal 
region. 
 A comprehensive numerical study of elliptical, parabolic and weighted catenary 
profiles has indicated that the depth-to-aperture ratio and incident shock wave 
strength are the primary factors that influence maximum pressure amplification at 
focus. In particular, the shape of the base of the reflector has been shown to alter the 
focus mechanism in profiles with depth-to-aperture ratios of 0.75 resulting in 
increased peak pressure amplifications at focus. 
 A numerical study of compound profiles, where a circular inlet is fitted to a parabolic 
reflector, has indicated no variation in focus mechanism or focus topology. Inlets 
were shown to increase maximum pressure amplification due to the reduced duration 
of focus and the strengthening of the shock waves involved in the focus process. 
 Velocity vector plots along with plots of maximum V velocity history have illustrated 
how incoming air from behind the fully reflected incident shock wave feeds into the 
focal region thereby sustaining peak pressure amplifications observed in the focal 
region. In addition, plots of minimum U velocity history have illustrated the strong 
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The interaction of a moving plane shock wave in air into concave profiles produces a 
fascinating air flow pattern varying in both space and time. As the shock moves into the 
cavity field the angle between the moving normal shock wave and the reflector profile 
constantly changes. This results in a series of transient reflection patterns at the profile wall. 
These reflection patterns, symmetrical about the cavity centre line, develop unsteady flows in 
their wake that entrain air up the profile wall, toward the centre line. The end result of this 
convergence is the process of gas dynamic focus. A set of triple points, generated from the 
upper and lower surfaces of the profile, which meet on the centre line of the model profile 
constitute this gas dynamic focus. This process produces, mathematically speaking, a 
singularity at focus generating significant pressures and temperatures. Thereafter, various 
transient shock wave reflection patterns develop that either turn or slow the oncoming air 
flow. The evolution of these various reflection stages is quite fascinating and is not fully 
understood. 
 
Past research into cavity flows has mainly dealt with the process of gas dynamic focus. These 
studies have concentrated on a very limited group of profiles in an attempt to examine the 
nature of focus. Few studies since the classic work of Sturtevant and Kulkarny (1976) have 
added insight into the fluid mechanics of this complex flow. Recent advances in high-speed 
photography and flow visualisation techniques permit a more detailed and complete 
observation of this flow. Computational fluid dynamics has also developed into a valuable 
tool, allowing testing of a wide range of profiles in a relatively short period of time; the added 
benefit of quantitative data from simulations has also proven valuable. These advances have 
renewed interest in cavity flows.  
 
This thesis aims to explore this complex interaction using both experimental and numerical 
approaches. Experimentation permits detailed observations of the standard flow pattern. 
Numerical simulations examine the effect of variations of incident shock strength and cavity 
profile on the transient reflection patterns and focus mechanisms. The reflector profiles 
include a wide variety of conic sections. A limited group of compound curves consisting of 
multiple blended conic sections are also explored. The depth-to-aperture ratio of profiles 
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tested range between 0.23 and 1. The incident shock strength is limited to Mach numbers 
between 1.2 and 1.45. 
 
This thesis is organised as follows: 
 
Chapter two is a literature review of shock waves and cavity flows. It provides a brief 
overview of the development and properties of normal shock waves generated in shock tubes. 
A classification of the various shock wave reflections patterns, used in literature, follows. 
Shock waves focussing studies and high-speed camera work on cavity flows are then 
reviewed and discussed leading on to the research approach and objectives. 
 
Chapter three details the experimental and numerical apparatus for this work. A classification 
of the various profile shapes is given along with details of the experimental and numerical 
models used for testing. The setup and calibration of the various flow visualization 
techniques are also discussed. Details of the CFD code follow with an emphasis on the 
numerical and experimental validation of the code.  
 
Chapter four discusses the principal flow features that occur during the cavity flow 
interaction using both numerical and experimental results. In particular, shearing 
interferometry is used to establish the nature of the flow field behind the various shock 
waves. Variations in focus patterns are discussed along with a new focus mechanism 
discovered experimentally in a deep profile.  
 
Chapter five examines the variation in the principal flow features numerically through 
changes in profile shape and incident shock strength. Profile shapes that have not been tested 
in literature thus far are considered along with profiles fitted with an inlet. The affect of these 
changes on the shock wave-induced pressure distributions are examined. Deep profiles are 
also included to establish variations in the standard focus mechanism. Conclusions and 
references follow.  
 
Since this thesis involves the analysis of transient data a digital appendix (see attached DVD) 
is included with both the images and videos from the test cases presented in the results 
sections. The reader is strongly encouraged to view these videos in order to fully 
appreciate the flow.  
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2 SHOCK WAVES AND CAVITY 
FLOWS 
2.1 Moving normal shock waves in an ideal gas 
Discontinuities in a one dimensional flow, where the direction of flow is normal to the plane 
shock wave, are known as normal shock waves. A moving normal shock wave generates a 
discontinuous change in the flow properties of density, pressure and temperature across the 
shock. These waves arise in compressible media from the sudden release of energy, as occurs 
in shock tubes and explosions, or by the coalescing of successive sonic waves developed in 
front of rapidly moving objects. Sonic waves, arising from disturbances in the flow, travel at 
the local sound speed RT which is dependent on the local static temperature T of the gas. 
The Mach number is defined as the ratio of the fluid velocity (or the velocity of an object) to 







This ratio is most pertinent and is used to describe one of the most important concepts in gas 
dynamics: sonic waves generated from disturbances in the flow will only influence the 
upstream flow smoothly if the local sound speed is greater than the fluid velocity or the 
velocity of object generating the disturbances. Should the fluid velocity be greater than the 
local sound velocity, disturbances in the flow cannot influence the upstream flow smoothly 
i.e. the flow upstream has no knowledge of the disturbance. In this case the upstream flow 
will adjust to the disturbance by means of a shock wave. This discontinuity is formed by the 
coalescing of sonic waves generated from the disturbance in the flow. 
 
In the context of cavity flows, this concept is vital in understanding the formation of the 
reflection patterns and shock focus. Perturbation techniques, employed by Skews and Kleine 
(2009a and 2009b), generate near acoustic waves at specific points along a curved wall. 
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When a normal shock wave passes over a perturbation generator a near acoustic wave is 
produced. This sonic wave propagates from the source illustrating the influence of the source 
location of the wall on the flow behind the normal shock. Figure 2.1 below illustrates this 
concept for Mach and regular reflection modes. With this concept in mind, the reflection of a 
normal moving shock wave can be thought of as the coalescing of an infinite series of 
successive sonic waves generated by the interaction of the moving normal shock wave with 
the profile wall. These acoustic disturbances communicate new boundary conditions, due to 
the changing wall profile, to the flow. Their region of influence includes sections of the 
moving normal shock wave (and reflected waves if they exist) along with areas behind the 
incident shock wave. The shape of the reflected shock waves is dependent on how these sonic 
waves coalesce with each other in time and space. This concept will be dealt with more 
thoroughly in subsequent sections. 
 
 
Figure 2.1: The formation of the reflected shock waves of Mach and Regular reflection modes 
illustrated by means of acoustic disturbances from the profile wall. Technique employed by Skews & 
Kleine (2009a). 
 
The density, pressure and temperature ratios across a moving normal shock wave are 
calculated using relationships developed for stationary discontinuities in one dimensional 
flow - for a full description of normal shock wave theory see Courant and Friedrichs (1948). 
Since the aforementioned flow properties are based on the thermodynamic state of the gas 
they are independent of the frame of reference. Therefore, the relationships used for 
stationary normal shock waves are applicable. These relationships are determined by 
selecting a constant cross-section control volume, small enough to surround a stationary 






Figure 2.2: Control volume for a moving normal shock wave in a constant area duct.  
 
Assuming the effects of heat transfer and friction are negligible across this small volume the 
conservation equations of continuity, momentum and energy are integrated across the two 
regions. The resulting equations are as follows: 
 
Continuity: 
 1 1 2 2V V   (2.2) 
Momentum: 






V Vh h    (2.4) 
 
Assuming air behaves as an ideal gas the ideal gas equations are introduced and the above 
equations are manipulated to relate the Mach number, pressure and temperature ratios across 
the normal shock. The results are as follows: 
 
 Continuity: 




  (2.5) 
 Momentum: 











































Furthermore, eliminating the pressure and temperature ratios across the normal shock wave 
from the equations above 2M  is written in terms of 1M as follows: 
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 (2.8) 
 
The only feasible solution of the equation above for a discontinuity in Mach number is as 
follows: 
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  
    
 (2.9) 
 
The maps of maximum pressure, developed for illustrating the extent of the high-pressure 
regions in this work, use the above relations. They are also valuable for checking the 
calibration of pressure transducers measuring the strength of the incident normal shock wave 
in the cavity flow field. 
2.2 Shock tubes 
The shock tube, first developed by Vielle in 1899, has become an indispensable part of shock 
wave research. The shock tube enabled researchers to direct moving normal shock waves, of 
varying strengths, into a test section for measurement and observation with test pieces. In its 
simplest form a shock tube consists of a constant cross-section driver and driven section 
separated by a diaphragm. The driver section is filled with compressed gas which expands 




Figure 2.3: Distance-time diagram illustrating the development of a normal shock wave in a standard 
shock tube. Figure adapted from Nishida (2001). 
 
A sketch of a simple shock tube is shown above in Figure 2.3 along with a distance-time 
graph illustrating the various features that arise after bursting the diaphragm; pressure and 
temperature graphs are attached illustrating the pressure and temperature distributions at time 
t1. The diaphragm rupture generates three features: a normal shock wave, a contact surface 
and an expansion fan. The shock wave moves into region [1] resulting in a discontinuous 
change in the flow properties of pressure, density and temperature in region [2]. A contact 
surface, initially separating the high-pressure and low-pressure regions, trails behind the 
shock wave where the pressure and velocity across the surface remain constant; the contact 
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surface interacts with the shock wave after it has reflected from the end of the tube. An 
expansion fan moves into the high-pressure gas [4], from the point of diaphragm rupture, at 
the local sound speed. This wave system communicates information to the remaining high-
pressure gas in the driver of the impending expansion into the driven section of the tube. For 
a full description of shock tube theory see Nishida (2001). 
2.3 Shock wave reflection patterns 
Cavity flows are capable of producing a wide range of transient shock wave reflection 
patterns depending upon the strength of the incident shock wave and the reflector profile. 
These reflection patterns generate two-dimensional, unsteady flows in their wake. It is this 
combination of an unsteady flow and rapidly changing boundary conditions that result in 
predominantly curved reflected shocks characterized by non-uniform strength along their 
length - this is especially true for the reflection of weak shocks. Little quantitative 
information is available on these transient reflection patterns; research has focused on their 
steady state and pseudo-steady state counterparts developing analytical descriptions thereof 
and transition criteria between various patterns. For a detailed analytical description of 




Figure 2.4: Mach reflection and regular reflection modes.  
 
Two main shock wave reflection configurations exist: the regular reflection and the Mach 
reflection. Both configurations were discovered by Ernst Mach in the late 19th century. The 
regular reflection of a plane incident shock wave interacting with a concave profile consists 
of the incident shock (I) and the reflected shock (R) illustrated above in Figure 2.4. The Mach 
reflection has an additional shock, the Mach stem (H) and a contact discontinuity (L) 
emanating from the confluence of the three reflected waves. Theoretical descriptions indicate 
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there is a discontinuity in slope between the incident shock (I) and Mach stem (H). The states 
of the gas behind these discontinuities tend to be non-uniform for curved wall reflection. 
Regular reflection modes predominantly occur for strong incident shock waves or when the 
incident shock wave is presented with a large wall angle.  
 
 
Figure 2.5: The stationary, direct and inverse variations of the Mach reflection. 
 
The Mach reflection pattern, illustrated above in Figure 2.5 in the direct, stationary and 
indirect configurations, consists of three shock waves: the incident shock wave I, reflected 
shock R and the Mach stem H. A contact discontinuity L emanates from the confluence of the 
three shocks known as the triple point T.  Courant and Friedrichs (1948) have shown that 
three configurations of the standard Mach reflection pattern exist: 
 
 A direct Mach reflection where the triple point, shear layer (L) and enlarging Mach 
stem move (H) away from the reflection surface. 
 A stationary Mach reflection where the flow behind the Mach stem (H) and the 
contact discontinuity (L) are parallel to the reflection surface. 
 An inverse Mach reflection where the triple point, shear layer (L) and diminishing 
Mach stem (H) move toward the reflection surface. 
 
Inverse Mach reflections frequently occur in cavity flows as the incident shock wave is 
presented with an increasing wall angle as it progresses towards the base of the profile. The 
collision of the triple point with the reflector wall produces a reflection, defined by Ben-Dor 
(2007) as a transitioned regular reflection (TRR). This reflection pattern consists of a regular 
reflection followed by a Mach reflection, where the reflected shock (R) of the Mach 
reflection structure is carried over from the earlier inverse Mach reflection. A transitioned 






Figure 2.6: Transitioned regular reflection as defined by Ben-Dor (2007). 
 
A Von Neumann reflection, investigated and defined by Colella and Henderson (1990), is a 
special form of the Mach reflection where there is no discernible shear layer and no 
discontinuity of slope between the incident shock (I) and the Mach stem (H). Figure 2.7 
illustrates the Von Neumann reflection pattern; the reflected shock (R) is presumed to 
degenerate into a compression wave near the triple point. Von Neumann reflections occur in 
the weak-shock wave reflection domain along with the Guderley reflection (Guderely, 1947; 
Skews and Ashworth, 2005) and the Vasilev reflection (Vasilev and Kraiko, 1999).  
 
 
Figure 2.7: The Von Neumann reflection as defined by Collela and Henderson (1990). 
2.4 Shock wave focusing in concave profiles – review and discussion 
Shock wave focusing has been of great interest to both researchers and engineers alike.  
Researchers have concentrated on the fundamental gas dynamics of focus. Engineers have 
utilized the high pressures and temperatures for practical applications that include 
extracorporeal shock wave lithotripsy, combustion and blast wave focus. For an overview of 
shock wave focusing research see Grönig (1989). One of the common experimental 
configurations used in shock wave focussing studies is by reflecting plane moving shock 






Figure 2.8: Schematic of the focus of a plane incident shock wave with a concave profile. 
 
The initial reflection stage shows the incident shock wave (I) moving towards the base of the 
profile where its ends have formed a TRR with the profile wall. This reflection consists of the 
reflected shock waves (F) and (R), the wall shock (W) and a shear layer (S). Once the 
incident shock wave is fully reflected from the base of the profile the reflected wave (F) 
diminishes while the triple points of the Mach reflections, from either end of the profile, 
converge to the centre line of the profile. This shock wave configuration is referred to as the 
pre-focus arrangement. Thereafter the reflected wave (F) converges and the triple points 
collide on the centre line forming the start of a gas dynamic focus.  
 
Gas dynamic focus continues where the wall shocks (W) combine to form the main reflected 
wave (M); shock wave (M) forms a Mach reflection with shock waves (R) and a new Mach 
stem (P). As the wave system progresses out of the profile Mach stem (P) diminishes and the 
triple points of the Mach reflection cross once more enclosing the focal region - indicated by 
the path of shear layers B developed from the triple point – completing the focusing process.  
 
In the post-focus phase of the interaction the reflected shocks form a regular reflection with 
each other and a Mach reflection with the main reflected shock wave (M) and the new Mach 
stem (Q); the shear layers B indicate the trajectories of the two triple points from the Mach 
reflection. The main features of the above interaction are seen throughout investigations into 
shock wave focusing. These cavity flow studies are discussed below to define and examine 
the generation of perfect foci in concave profiles and general cavity flow features. 
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2.4.1 The focusing of weak shock waves– Sturtevant and Kulkarny (1976) 
Sturtevant and Kulkarny’s (1976) study of shock wave focusing in air remains the most pre-
eminent study of this topic to date. This experimental investigation used shadowgraph flow 
visualization and pressure measurements of caustic, arêtes and perfect foci to examine the 
problem of focus - this discussion will be limited to their results pertaining to perfect foci. 
Three parabolic cylinders of the same aperture but differing in depth were tested. Their 
depth-to-aperture ratios are 0.053, 0.105 and 0.21 respectively. Tests were conducted at the 
following Mach numbers: 1.005, 1.03, 1.1, 1.2 and 1.3. 
 
 
Figure 2.9: The focussing of a weak shock wave as predicted by: a) geometric acoustic theory of 
Keller 1954) and b) the shock dynamics of Whitham (1957 & 1959). Figure adapted from Sturtevant 
and Kulkarny (1976). 
 
Sturtevant and Kulkarny (1976) also used theoretical approaches to describe the amplitude at 
focus and the post-focus wave behaviour. Geometric acoustic theory of Keller (1954) and the 
shock dynamics of Whitham (1957 & 1959) predict different outcomes for focus and focus 
amplitude. Figure 2.9 above illustrates the pre-focus and post-focus wave behaviour predicted 
by linear geometrical acoustics and nonlinear shock dynamics. Both theories are 
simplifications of the focus process and do not take into account the myriad of reflections 
involved. However, they are still conceptually valuable.  
 
The central results of this study are as follows:  
 
 An identical, nonlinear flow field always develops near focus.  
 Nonlinear steepening in the flow field behind the converging shock wave affects the 




 Nonlinear effects limit the pressure amplitude at focus; a diffracted expansion (DE) 
wave overtakes the diffraction shocks (W) near focus thereby limiting the amplitude 
in or near the focal region. 
 A crossing of the post-focus wave fronts corresponds closely to the pattern predicted 
by geometrical acoustic theory. 
 An un-crossed post-focus wave front corresponds to the wave pattern predicted by 
shock dynamics. 
 
Pre-focus wave behaviour 
 
Sturtevant and Kulkarny (1976) identified three waves that participate in the focus process: 
the reflected incident shock wave (F) that converges as it nears focus; compressive diffracted 
fronts (R) and diffracted expansion waves (DE) from the corners of the reflectors. Note that 
the labelling convention used throughout this thesis will be that of Skews and Kleine (2007a). 
Sturtevant and Kulkarny (1976) defined shocks as pressure discontinuities and fronts or 
waves as changes in the slope of pressure. Since the authors left out or missed the early 
reflection stages prior to focus - this is possibly due to limitations of the experimental 
configuration - they did not recognise that what they termed as diffracted expansion waves 
are a result of an earlier reflection. Skews and Kleine (2007a) showed that these waves are 
the Mach stems of a TRR. 
 
 
Figure 2.10: Pre-focus wave configuration for the reflection of a plane incident Mach 1.1 shock from 
a parabolic cylinder using shadowgraph flow visualization. Photo adapted from the work of Sturtevant 
and Kulkarny (1976). Remaining frames illustrate the progression of these fronts at and beyond gas 
dynamic focus. 
 
Of concern is labelling these waves as expansion and not compression waves. A 
shadowgraph of this instant (illustrated above in Figure 2.10) illustrate light caustics near the 
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diffracted expansion waves indicative of a significant increase in pressure due to the wave; 
compressions or shocks in the flow will focus light toward the region of higher-refractive 
index (Merzkirch 1989). The pressure traces supplied do not assist unfortunately since they 
do not indicate when the wave passes on the trace. It seems likely that these waves are 
compressions with trailing expansion waves. This would result in a smooth, continuous 
pressure rise before and at the crossing of the wave over the pressure transducer. Thereafter, 
the pressure will decrease, as occurs throughout the flow field, due to expansion waves. From 
this point on the diffracted expansion waves will be referred to as compressive wall waves 
(CW). 
  
Returning to the pre-focus behaviour, the authors do not consider the reflection pattern of the 
three waves that participate prior to focus as a Mach reflection since the compressive wall 
waves have not as yet formed into shocks and there are no visible shear layers from the three-
wave intersection. Pressure traces confirm this, indicating a pressure discontinuity at the 
reflected incident shock (F) but not at the compressive wall waves (CW). No information 
regarding the strength of the compressive diffracted waves (R) at this stage is given 
unfortunately. It seems likely that this three-wave reflection pattern may be a von-Neumann 
reflection discovered by Colella and Henderson (1990) or another form of Mach reflection.  
 
 
Figure 2.11: Formation of the diffraction shocks prior to gas dynamic focus using shadowgraph flow 
visualization. Photo adapted from the work of Sturtevant and Kulkarny (1976). Note the fan of 
acoustic perturbations arising from the interaction of the fronts with the surface roughness of the wall 
surface. Remaining frames illustrate the progression of these fronts at and beyond gas dynamic focus. 
 
In Figure 2.11 the authors describe the development of diffraction shocks (W) ahead of the 
compressive wall waves (CW) resulting in the formation of three-shock intersections. This 
shadowgraph illustrates a darkening of the portion of the compressive wall wave (CW) 
closest to the diffracted compressive wave (R). These are the diffraction shocks and 
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Sturtevant and Kulkarny (1976) believe they form on top of the compressive wall waves 
(CW). The diffraction shock waves arise due to: non-linear steepening of the flow behind the 
converging reflected wave, the reflection of the compressive wall waves (CW) off each other, 
and the collision of the triple points on the centre line of the profile.  
 
Gas dynamic focus 
 
Sturtevant and Kulkarny (1976) define focus as a process that starts at the development of the 
three-shock intersections. In the case of stronger incident shock waves this would occur when 
the triple points from the upper and lower surface meet on the axis of symmetry. This process 
continues until the shear layers from the triple points cross. This interpretation is similar to 
that of geometrical acoustics where focus is distributed over a focal region. In shock wave 
focusing the authors define the focal region as the area enclosed between the shear layers of 
the three-shock intersections.   
 
The shape of this focal region is shown to be dependent on both the strength of the incident 
shock wave and the shape of the reflector. Sturtevant and Kulkarny (1976) identified three 
different focal region shapes: a point focus found in the focusing of sound waves; a closed 
focal region found in weak and moderately strong shocks and an infinite focal spot that 
occurs for stronger shocks. These post-focus wave patterns are illustrated below in Figure 
2.12. The Mach number at which the focal region would transition from a finite focal region 
(Type B) to a semi-finite focal region (Type D) was identified and defined as the transition 
Mach number - this value is dependent on the profile shape. Semi-finite focal regions (Type 
D) would occur when the incident shock strength exceeded the transition Mach number for 
the respective profile. Mach numbers just below the transition Mach number would produce a 
pinched version (Type C) of the focal region where the triple points nearly cross for the 
second time but instead diverge away from each other. Decreases in profile depth (at a fixed 
aperture) were shown to lower the transition Mach number thereby favouring semi-finite 
focal regions. Unfortunately, the study was limited in terms of profiles and did not consider 
whether an increase in model depth could shift the focal region from a finite size to a point 





The authors identified another important concept: convergence of diffracted fronts from the 
top and bottom of the profile compete with the motion of the centre line shock. A slow 
convergence of the diffracted fronts, relative to the propagation of the centre line shock 
towards the base of the cavity, results in uncrossed fronts post-focus; the post-focus shock 
wave pattern is similar to the pattern predicted by shock dynamics producing a distributed 
focus due to non-linear gas dynamic effects. 
 
 
Figure 2.12: Schematic illustrating the formation of the various focal regions based on the 3 shock 
intersection trajectories. Figure adapted from the work of Sturtevant and Kulkarny (1976). Note that 
the classification for each type will be used throughout this work. 
 
A rapid convergence of the diffracted fronts, as occurs in deep profiles, results in the crossing 
of fronts from the corners post-focus. In addition, it suppresses non-linear effects thereby 
reducing the size of the focal region and increasing the focus amplitude i.e. energy is focused 
in a more concentrated area. The authors also identify that the shape of the crossed fronts is 
similar to the focusing of a weak shock predicted by geometric acoustics. This idea that a 
rapid convergence suppresses non-linear effects, since these are responsible for spreading the 







Figure 2.13 below, illustrates their interpretation of the pressure field at focus, where the 
diffraction shocks (W) have formed on top of the compressive wall waves (CW). These 
diffraction shocks (W) dissipate away from the three-shock intersections into the 
compressions of the diffracted expansion waves - as described by the authors. The pressure 
traces confirm this showing pressure jumps at the crossing of both the compressive 
diffractive fronts (R) (these appear to have strengthened at focus) and the diffractions shocks 
(W) during focus. However, it seems more likely that these compressive wall waves (CW) 
strengthen to form shocks and simply exhibit non-uniform strength, along their length, 
decreasing in magnitude from the triple point to the intersection with the profile wall. These 
shocks are then followed by expansion waves that are not visible in the shadowgraphs but are 
clearly defined in the pressure measurements. Nonetheless, the authors interpretation of the 
strengthening of the flow field before focus is valid and is clearly exhibited in the 
shadowgraphs, pressure measurements and in the results of this thesis. The non-linear 
steepening of the flow field behind the converging reflected shock has not been fully 
appreciated in later studies and provides valuable clues to what happens near the focal region 
prior to focus.  
 
 
Figure 2.13: Pressure distribution before, during and after focus. Figure displays Sturtevant and 
Kulkarny (1976) interpretation of the formation of the diffraction shocks (W) on top of the 




Sturtevant and Kulkarny’s (1976) pressure measurements show that the point of maximum 
pressure amplitude occurs at the start of focus. Thereafter, the pressure jump across the Mach 
stem (P) in the focal region remains high but is rapidly attenuated - see Figure 2.13 above. 
The authors attribute this rapid attenuation to the diffracted expansion waves (CW), from the 
corners of the reflector, travelling behind the stem shock. In addition, the authors indicate that 
these expansion waves overtake the stem shock on the centre-line limiting the pressure 
amplitude thereafter and weakening the diffraction shocks. This process is shown to be Mach 
number dependent and occurs earlier in the focal region for stronger incident shock waves. 
Figure 2.14 below illustrates this process by plotting the pressure amplification along the 
centre line of the cavity for Mach 1.1, 1.2 and 1.3. This graph illustrates that the maximum 
pressure amplification decreases with increasing Mach number while moving closer to the 
base of the profile. In addition, the pressure amplification thereafter is severely attenuated. 
 
Figure 2.14: The variation of the pressure amplification measured along the axis of symmetry. Points 
measured relative to and normalized by the geometric focus of the parabolic cylinder. Figure adapted 
from the work of Sturtevant and Kulkarny (1976). Focal regions for Mach 1.2 (transition Mach 
number for this profile) and Mach 1.3 are semi-finite. 
 
This idea that the diffracted expansion fronts overtake the centre line Mach stem in or near 
the focal region thereby limiting the maximum amplitude thereafter seems questionable 
since: 
 
1. The discussion above has shown that the waves labelled as diffracted expansion fronts 
are indeed compression waves that develop into shocks. These shocks are thought to 
be single compression-expansion waves characteristic of curved shock waves. 
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2. The pressure amplification in Figure 2.14 was calculated by normalizing the 
maximum pressure, measured along the centre line of the model, with respect to the 
pressure jump of the reflected incident shock wave (F) as it leaves the reflector. The 
authors have shown that the pressure in this region is highly non-uniform due to the 
curved shock wave. In addition, the pressure jump measured across this converging 
wave front will increase as the measurement is taken closer to the focal region - the 
authors do not indicate where this measurement is taken. This would certainly 
influence the magnitude of the pressure jump since the results show that the 
maximum pressure shifts closer to the base of the cavity with increasing shock 
strength. Clearly, this method is not ideal and will result in an inaccurate 
interpretation of the variation of peak pressure amplification with changes in incident 
shock strength.   
3. It may be possible that the peak pressure amplification decreases with increasing 
Mach number due to the size of the focal region. Type A, B and C focal regions focus 
the shock wave in a smaller area (acoustic case) hence the higher peak pressure 
whereas Type D focal regions are semi-finite thereby spreading the focus (non-linear 
case) over a larger area.  
 
At this stage the origins of the expansions, found behind the compressive wall waves (CW) 
are unknown. These waves may be a result of earlier reflection stages or the experimental 
configuration and will be examined further in the current work. The maximum pressure 
amplification measured along the centre line will need to be examined as well by normalizing 
the pressure with respect to a more uniform area of flow. Sturtevant and Kulkarny’s (1976) 
paper still remains one of the most detailed explanations of shock wave focusing of perfect 
foci to date. Many of the definitions, focal region shapes continue to be used today. This 
work also demonstrates the importance of combining flow visualisation techniques and 
pressure measurements to ascertain the nature of shocks and flow conditions behind them. 
 
2.4.2 Experimental-computational studies of shock wave focusing in 
parabolic profiles – Nishida M (1989) and Izumi K. et al (1992) 
Nishida M (1989) examined shock focusing of a plane incident shock wave in two parabolic 
profiles using experimental and computational approaches. Numerical calculations were 
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performed by solving the two-dimensional Euler equations by applying a Piecewise-Linear-
Method (Collela and Glaz 1983). Experiments used shadowgraph flow visualization to 
visualize the flow and laser interferometry to extract density histories for comparison with 
numerical calculations. Three parabolic profiles with depth-to-aperture ratios of 0.325, 0.65 
and 0.965 were tested numerically between Mach 1.05 and Mach 4.0. Two parabolic profiles 
with depth-to-aperture ratios of 0.423 and 0.748 were tested experimentally between Mach 
1.05 and Mach 1.135. 
 
The most significant results of this study are as follows: 
 
 The peak pressure amplification max 5/p p  measured along the centre line, where 5p is 
the pressure behind the reflected converging shock wave, increases with increasing 
Mach number below Mach 2.0. Thereafter it remains constant between Mach 2.0 and 
Mach 4.0.  
 Increasing the depth-to-aperture ratio increases the peak pressure amplification.  
 The reflector shape has a small influence on the ratio of the point of gas dynamic 
focus relative to the geometrical focus point across the tested Mach number range. 
Results indicate that the point of gas dynamic focus moves closer to the base of the 
profile with increasing Mach number. 
 Comparison of the numerical results compare favourably with experimental density 
histories and experimental shadowgraphs. 
 
The peak pressure amplification results appear to contradict the results of Sturtevant and 
Kulkarny’s (1976) work where the latter showed that peak pressure amplification decreases 
with increasing incident shock strength. The measurement used to normalize the peak 
pressure does differ in both studies - Sturtevant and Kulkarny (1976) used the pressure jump 
5 0( )p p behind the converging shock (F) (where 0p  is the pressure behind the incident 
shock) and Nishida M (1989) used the pressure amplitude 5p  behind the converging shock 
(F). 
 
Another computational-experimental study by Izumi et al (1994) relied on parabolic profiles 
with larger depth-to-aperture ratios of 0.125, 0.250, 0.375 and 0.500 respectively tested 
experimentally at Mach numbers of 1.1, 1.3, 1.5 and 2.0. Computational simulations were 
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extended up to Mach 3.0. The computational scheme employed the two-dimensional Euler 
equations which were solved using PLM (Collela and Glaz 1983) combined with a time-
splitting method. The authors found that the peak pressure measured at the gas dynamic focus 
were mesh-dependent; the focus process and point of gas dynamic focus were both found to 
be mesh-independent. This may occur as a result of the varying shock thickness of the shock 
waves involved in focus with increasing refinement of the mesh. This occurrence has not 
been mentioned in earlier or later computational studies. Note that the peak pressure 
amplifications measured in the Nishida M (1989) study were attained numerically. 
 
The results from the deepest profile, with a depth-to-aperture ratio of 0.5, illustrated that the 
reflected shocks, labelled by Sturtevant and Kulkarny (1976) as the compressive diffracted 
fronts (CW), cross prior to focus and remain crossed thereafter. Unfortunately, the shape of 
the focal region was not examined but the start of focus remains the same: the triple points of 
the Mach reflections from the top and bottom of the profile meet on the centre line of the 
profile. The authors also classified the focus process according to the shape of the reflected 
shocks (R) before, at, and beyond focus. This classification closely resembles the 
classification used by Sturtevant and Kulkarny (1976), illustrated in Figure 2.12 above. 
2.4.3 The influence of entrance geometry of circular reflectors on shock 
wave focusing – Babinsky H. et al 1998 
The Babinsky et al (1998) work is one of the most creative shock focus studies to date where 
the authors examined the effect of the inlet shape of circular reflectors on shock focusing. 
Three profiles with circular inlets with radii double, equal-to and half the radius of the 
circular reflector were tested along with a circular profile without an inlet; the reflector 
without an inlet was used to establish the standard focus mechanism for comparison with the 
shock focus mechanisms found in the profiles with inlets. These test pieces are illustrated 
below in Figure 2.15. 
 
This study employed numerical and experimental approaches. Holographic interferometry on 
the experimental setup was used to visualize the shock focusing process and validate the 
numerical scheme. A Godunov-type finite volume scheme (Euler-based) on adaptive 
unstructured grids was used to establish the pressure profile for all models. The use of the 
unstructured adaptive grids was shown to be highly efficient minimizing the total number of 
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nodes in the mesh thereby reducing the computational time while still retaining a high level 
of spatial resolution around flow features. A good correlation between the experimental and 
computational interferogram was found judging the numerical scheme to be sound. 
 
 
Figure 2.15: Circular focusing reflectors with and without circular inlets used in the Babinsky et al 
(1998) study. Figure adapted from Babinsky et al (1998). 
 
Babinsky et al (1998) identified the reflection stages of the incident shock wave, in the 
standard circular reflector, just prior to gas dynamic focus; previous studies by Sturtevant and 
Kulkarny (1976), Izumi et al (1994) and Nishida M (1989) did not consider the incident 
shock wave reflection behaviour prior to focus. Babinsky et al (1998) identified that the 
incident shock progresses through a series of reflection stages prior to focus - the authors 
schematic for this process is illustrated below in Figure 2.16. 
 
 
Figure 2.16: Babinsky et al (1998) schematic for the reflection of a plane incident shock wave with a 
circular reflector. Incident shock wave is moving from top to bottom. Figure adapted from Babinsky 
et al (1998) using labelling convention of Skews and Kleine (2007a). 
 
The initial reflection is a direct Mach reflection where the Mach stem continues to grow as 
the incident wave progresses into the profile. The Mach stem is then said to grow until the 
transition point from Mach reflection to regular reflection approaches. The Mach reflection 
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then becomes an inverse Mach reflection where the Mach stem shortens and its triple point 
moves towards the profile wall. After the triple point intersects the wall a TRR is formed. The 
triple point from the TRR is said to meet with the triple point, from the opposite end of the 
profile, to focus on the profile centre line. 
 
Babinsky et al (1998) plotted the maximum pressure amplification history along the centre 
line by normalizing the peak pressure measured with the pressure behind the incident shock 
wave, over the entire simulation time. Curves for each profile were plotted to establish the 
variation - if any - of the shock focus mechanism with the introduction of an inlet. This plot is 
shown below as Figure 2.17.  
 
Figure 2.17: Pressure amplification histories measured by Babinsky et al (1998) along the centre line 
of each reflector. Pressure normalized with respect to pressure P0 behind the incident shock wave. 
Figure adapted from Babinsky et al (1998).  
 
The conclusions derived from this curve along with images of maximum pressure in the 
cavity field are as follows: 
 Circular inlets increase the maximum pressure measured at focus along with the 
extent and shape of the high pressure field. Maximum pressure increases with 
increases in the radius of the circular inlet. 
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 The shape of the peak pressure amplification profile is strongly influenced by inlet 
shape where the pressure is shown to increase in multiple jumps to the peak focal 
pressure. This differs from the standard reflector where focus is characterized by a 
single jump to the peak pressure. 
 Alterations to the peak pressure amplification profile are said to occur as a result of a 
change in the standard focus mechanism described above in Figure 2.16. 
 
The alteration of the standard focus mechanism is quite a substantial find in shock wave 
focusing. Babinsky et al (1998) indicate that the incident shock wave forms a Mach reflection 
with the blunt shoulder of the inlet. The Mach stem of this reflection undergoes a similar 
reflection process to the one described above. The author attributes the increase in peak 
pressure to the strengthening of both the reflected shock of the Mach reflection and the Mach 
stem of the TRR. Increases are also seen as a result of the timing of the arrival of the various 
shock waves in the focal region. Unfortunately, Babinsky et al (1998) do not provide any 
flow visualization images of the focal region showing the new focus mechanism nor account 
for why the pressure increases in two steps. Nonetheless this work shows that inlets can play 
a substantial role in the focusing process and new focus mechanisms may still exist.  
 
It is noteworthy that the depth-to-aperture ratio of Model A and the standard reflector are 
both 0.5. However, Model A produces a substantially larger focus pressure. Clearly, an inlet 
can be used to increase the focal pressure as opposed to producing a deeper profile should the 
pressure amplification trend found in Nishida M (1989) prove to be correct i.e. increases in 
profile depth increase the focal pressure. 
2.5 New features found using high-speed imaging of cavity 
flows – review and discussion 
Recent studies by Skews and Kleine (2007a), Skews et al (2007b) and Skews et al (2007c) 
employed high-speed video photography of cavity flows and found a large number of new 
features that were missed in previous shock focus studies. The success of these studies has 
been a result of combining high-quality flow visualization techniques - developed by Harald 
Kleine - with time resolved imaging. This combination has been particularly valuable for 
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detecting the reflection of weak shocks that have not been examined experimentally thus far. 
The use of a novel perturbation technique, developed by Skews and Kleine (2009a and 
2009b) for studying transient two-dimensional flows, has provided valuable insight into the 
formation of curved shock wave reflections and shock wave focusing. Once again the results 
indicate the complexity of cavity flows and two-dimensional transient shock wave reflection 
phenomena providing impetus for further study. These studies will be examined and 
discussed in the subsections that follow organized according to the results pertaining to shock 
wave reflections and shock wave focusing features. 
2.5.1 Shock wave reflection behaviour  
The novel work by Skews and Kleine (2007a) uncovered a number of unknown variations in 
two-dimensional shock wave reflections present in cylindrical profiles which predominantly 
occur in the weak shock wave reflection domain. This study used only two profiles with 
depth-to-aperture ratios of 0.5 where one profile had a small inlet ramp. One of the most 
valuable contributions of this work was the use of a novel perturbation technique to explain 
the formation and development of curved shock wave reflections. 
 
Unsteady flow diagnostics using acoustic perturbations 
 
Skews and Kleine (2009b) have shown that weak perturbations, generated by the passing of a 
shock over transverse perturbation sources placed at specific points along the wall of a test 
piece, can be used as a diagnostic tool in unsteady flows. These sources generate weak 
acoustic waves, where the various points along the wave will convect according to a 
combination of the local sound speed and the local flow velocity they encounter, as they 
move through the transient flow field - see Figure 2.1 illustrating the development of Mach 
and regular reflections. Skews and Kleine (2007a) have shown that these perturbations are 
highly useful in illustrating how the point of the perturbation source influences the 
subsequent flow field when used in combination with high-speed imaging. Not only are they 
a valuable visual aid but underlie an important concept in gas dynamics regarding how 
changes in boundary conditions are communicated to the subsequent flow and the limit of 
their influence on the ensuing flow. Since these perturbations are weak features they require 
sensitive schlieren flow visualization system to detect them - this is most important for 
incident shocks below Mach 1.1. Skews et al (2008) also note that these perturbations can 
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also arise naturally due to surface roughness of the test pieces. This commonly occurs when 
the density gradients across the shock wave that passes over the perturbation source is strong 
- see Figure 2.11 above where a series of perturbations are illustrated by alternate light-dark 
patches. 
 
Formation and development of a Mach reflection in concave profiles 
 
Skews and Kleine (2007a) classified the stages of the evolution of the reflection of the 
incident shock wave for the cylindrical case; this evolution agrees with the patterns shown by 
Babinsky et al (1998) but is taken from a much earlier stage. The full reflection evolution of a 
medium strength incident shock wave is shown below as Figure 2.18. The authors identified 
that there is no initial reflection of the incident shock wave from a circular profile. Rather a 
series of successive compressive acoustic signals arise from the interaction with the wall that 
start to ‘bend’ the incident shock wave forward - its termination remains perpendicular to the 
wall. These acoustic signals are generated successively as the incident shock wave propagates 
into the profile communicating the change in boundary conditions. The time instant at which 
the termination of these successive signals (C) converges to a point on the incident wave 





Figure 2.18: The evolution of the interaction of a plane incident shock wave with a circular reflector 
as found by Skews and Kleine (2007a). Figure adapted from Skews and Kleine (2007a). 
 
 
The formation of the Mach reflection was studied using the perturbation technique. Strips of 
45 µm thick adhesive tape were placed transversely on the model surface at a pitch of 12mm. 
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The perturbations illustrate how the acoustic waves coalesce at the triple point to form the 
reflected wave (R) of the Mach reflection. The formation of the Mach reflection before the 
compressions converge and after they converge is illustrated in Figure 2.19b and Figure 2.19c 
below. Compressions 2, 3 and 4 converge near the triple point but start to diverge as you 
move away from the triple point along the reflected shock (R). This gives the appearance that 
the shock terminates in space as seen in Figure 2.19a; the shapes of the perturbations are 
distorted due to the difference in the flow velocity along and away from the wall profile.  
 
Skews and Kleine (2007a) also show the progression of the Mach reflection as it transitions 
from an inverse Mach reflection to a TRR. It is interesting to note that the perturbations 
arising from near the base of the profile continue to coalesce and reinforce, along with those 
generated at the start of the Mach reflection, to form the reflected shock (R); this reflected 
shock (R) forms part of the TRR with the reflected incident shock wave (F) and the wall 
shock (W) that will focus on the centre line – see Figure 2.18. This perturbation technique 
shows that the initial shape of the profile will affect the strength and shape of the reflected 
shock wave (R) involved in the focus process. This concept of how the profile wall influences 
the shock wave reflection had not been fully appreciated in earlier studies and are critical 
concepts in understanding the formation and development of reflections and their later gas 
dynamic focus.  
 
 
Figure 2.19: Shadowgraphs of the formation of the Mach reflection in a circular reflector illustrated 
using a perturbation technique. Figure a) shows the reflected shock (R) appears to terminate in space. 





2.5.2 Shock wave focusing features and shear layer developments 
These detailed studies by Skews and Kleine have also been of great value in furthering our 
understanding of the focal process. Interestingly, these studies were limited to a few parabolic 
and circular profiles but have uncovered much valuable information.  
 
Limit of perturbations in cylindrical and parabolic profiles 
 
Skews and Kleine (2007b) compared the focusing process in a circular profile and parabolic 
profiles of the same depth-to-aperture ratio using the perturbation technique described above. 
These images are illustrated below as Figure 2.20. The pre-focus wave behaviour in both 
cases consists of pair of Mach reflections (from either end of the profile) consisting of the 
reflected shock (R), wall shock (W) and reflected incident shock wave (F) where the triple 
points meet on the centre line of the profile. These images show that in both cases the 
reflected shock of the earlier Mach reflection limits the influence of the wall perturbations i.e. 
once the reflected shock wave is formed subsequent perturbations will terminate on R and 
their region of influence will fall on and behind (R). Since the Mach reflection, in the circular 
profile forms at a later stage due to the smooth entry, earlier parts of the wall do not influence 
the shock waves involved in focus (such as the lip shock C). However, in the parabolic case 
the finite wall angle at the entrance results in a Mach reflection from the start. Subsequently 
all perturbations merge with the reflected shocks.  
 
Skews and Kleine (2007b) also comment that at focus the perturbations in the parabolic case 
are far more concentrated near the start of focus when compared with the cylindrical case. 
Skews and Kleine (2009b) also indicate that as the Mach number increases the distribution of 
the perturbations is altered. Higher Mach numbers were shown to spread the perturbations 
when compared to weak incident shock waves (Mach 1.03) where the perturbations all meet 
at the focal point. The increase in the spread of the perturbations is attributed to non-linear 
effects which serve to increase the size of the focal region and reduce the peak pressure at the 
start of focus. The trends above are not limited to parabolic or circular profiles but merely 





Figure 2.20: Shadowgraph images illustrating the limit of perturbations prior to gas dynamic focus 
for: a) cylindrical reflector and b) parabolic reflector. The incident shock wave has a Mach number of 
1.23. Images adapted from Skews et al (2007b). 
 
The shape of the perturbations prior to focus is fundamental to understanding the shape of the 
focal region and the peak pressure measured therein. Babinsky et al (1998) interpreted that 
increases in peak pressure at focus occurred due to a combination of the strengthening of the 
shock waves involved in focus along with the timing of their arrival at the focal region. In 
general, it would be expected that increasing the strength of the incident shock wave would 
increase the peak pressure amplification as shown by Nishida M (1989). However, the studies 
above have shown that increases in Mach number tend to spread the perturbations around 
focus due to non-linear effects leading Skews and Kleine (2009b) to believe that the peak 
pressure decreases. Their findings agree with those found by Sturtevant and Kulkarny’s 
(1976) experimental pressure measurements where peak pressure amplification decreased 
with increasing Mach number. Non-linearity was shown to spread the focus with increasing 
Mach number resulting in a semi-finite focal region. These contradictions will be closely 
examined in this thesis.  
 
Variations in shock wave focussing  
 
Skews and Kleine (2007b) study of circular and parabolic profiles have shown that the 
process of gas dynamic focus remains the same. However, the circular and parabolic profiles 
do demonstrate a slight variation in the shape of the focal region when compared to the 
crossed fronts illustrated above in Figure 2.12 (Type B focus). Instead of the clear double 
crossing of the triple points creating a loop of the shear layers a single shear layer is visible 
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running along the centre line of the profile (line shear layer in Figure 2.21a and shear layer 2 
in Figure 2.21b).  
 
 
Figure 2.21: Schlieren images of the variation of shear layer behaviour in the focal region of: a) 
circular reflector interaction with a Mach 1.33 shock wave b) parabolic reflector interaction with a 
Mach 1.23 shock wave – numbers denote the various shear layers present. Images adapted from 
Skews and Kleine (2007b). 
 
These models appear to produce a line focus, at least the shape of the focal region gives this 
impression, as illustrated in Figure 2.21 above. The authors also indicate that the reflected 
waves do not cross for the circular case (even for increasing Mach numbers) and eventually 
dissipate away leaving a bifurcated flow pattern illustrated by the shape of the trailing shear 
layers. Interesting variations in the shape of the post focus wave fronts were also found by the 
authors along with interesting variations in interactions of weak shock waves not described in 
earlier literature. 
 
Focus in a deep parabolic profile 
 
Skews and Kleine (2007c) investigated shock wave focusing in a deep parabola with a depth-
to-aperture ratio of 0.97 tested between Mach 1.03 and Mach 1.34. Interestingly this is the 
first time that a deep parabolic profile has been tested in literature. The results for both the 
weak and strong incident shocks indicate that the shock mechanism differs to those in both 
shallow parabolic and circular profiles. Skews et al (2007c) indicate that the incident shock 
wave reflection is that of a Mach reflection that persists near to the base of the profile. The 
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Mach stem of this reflection itself undergoes a Mach reflection near the base of the profile. 
Since the profile is so deep the reflected waves of the Mach reflection will cross prior to the 
full reflection of the incident shock from the base of the cavity - similar to the case seen by 
Izumi et al (1994). The authors note that a TRR is not formed prior to focus. Images of focus 
for a Mach 1.03 wave indicate no clear focus. Similarly, in the Mach 1.23 case the gradients 
in the focal region are so high that no clear focus is visible in the shadowgraph images - only 
the patterns of the shear layers are visible. Skews et al (2007b) show that there are substantial 
changes in the shear layer patterns in the focal region when compared to shallower profiles 
however no images are available indicating how these shear layer patterns are formed. 
Further study of this mechanism is required to understand the complete focus mechanism in 
deep profiles. 
2.5.3 Numerical shock wave focusing study - Taieb et al (2010) 
In response to the recent cavity work above Taieb et al (2010) examined numerically the 
cylindrical cases of Skews and Kleine (2007a) and the parabolic profiles of Izumi et al 
(1994). Previous studies that used numerical approaches have relied entirely on solving the 
two-dimensional Euler equations. Taieb et al (2010) employed a high-order low dissipation 
weighted essentially non-oscillatory (WENO) method using both the Navier-Stokes and Euler 
equations. The motivation for using the Navier-Stokes equations was to accurately model the 
viscous effects thought to be significant in the development of Kelvin-Helmholtz (KH) 
instabilities in the shear layers left behind the incident Mach reflection and in the focal region 
(developed behind the triple points that focus and move through the focal region). These KH 
instabilities were shown by Skews and Kleine (2007a) to develop long after the incident 
shock wave had focused. The numerical scheme was validated by comparing the theoretical 
and computed angles at which transition from an inverse Mach reflection to a TRR occurred 
using the transition criteria of Ben-Dor G (1992). The comparison was shown to be in good 
agreement. Comparison of their numerical flow visualization images with the experimental 
results of Skews and Kleine (2007a) and Izumi et al (1994) were also found to be in 
agreement. 
 
This work was of particular interest since it employed high-order numerical schemes using 
both inviscid and viscous approaches. Figure 2.22 below illustrates a comparison of the shear 
layers in and around the focal region post-focus of a circular profile between: a third-order 
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inviscid WENO scheme, fifth-order inviscid WENO scheme, fifth-order WENO symmetry-
optimized limiter (SOL) inviscid scheme. A fifth-order WENO scheme using the Navier-
Stokes equations is compared with the experiments of Skews and Kleine (2007a) in Figure 
2.23. All images use schlieren flow visualization.  
 
 
Figure 2.22: Comparison of a) experiment of Skews and Kleine (2007a) with higher-order WENO 
inviscid schemes of Taieb et al (2010): b) third-order WENO c) fifth-order WENO and d) fifth-order 
WENO symmetry-optimized limiter (SOL). Figures adapted from Taieb et al (2010). 
 
Interestingly the higher-order schemes allow the near wall vortex, formed by the shear layer 
L pushing under the shear layer S (see Figure 2.22a) above), to dislodge from the shear layer 
S despite resolving the KH instabilities on the shear layers S. Interestingly the jet (J) drives 
between the central shear layers B (running along the centre line of reflector) where the shear 
layers of the jet, running along the centre line of the reflector, are not clearly defined. 
 
The Navier-Stokes results show the near wall vortices breaking down into turbulence but they 
remain attached to the shear layer S; KH instabilities on the shear layers are well resolved. 
Taieb et al (2010) conclude that a high-order solver is required to resolve the issue of the 
detached vortex in combination with a viscous solver. However, it is not entirely clear 
whether or not resolving these features is dependant upon including viscosity or whether it is 
simply related to the accuracy of the solver and mesh in resolving these weak features; this is 
certainly an issue when these features are considerably weaker relative to other features 
found in shock wave focussing. Their work demonstrates that an inviscid approach is more 
than satisfactory for resolving the shock waves and shear layer patterns. The authors note that 
the KH instabilities, with a viscous solver, were only resolved when the WENO 5 SOL 
scheme was used (this also occurred for the inviscid approach as well). It seems likely that 
resolving these features has more to do with the solver than using either an inviscid or 




Figure 2.23: Comparison of the experiment of a) Skews and Kleine (2007a) with the b) prediction of 
the fifth-order WENO SOL viscous solver of Taieb et al (2010). Shear layer pattern in the focal 
region as a result of the interaction of a plane Mach 1.38 shock wave with a circular profile.  
2.6 Exploratory approach 
The collaborative work of Skews and Kleine using a few concave profiles has demonstrated 
how little information is available on transient two-dimensional shock wave reflections and 
shock wave focusing. The studies have also shown that two and three-shock theory cannot 
account for many of the features described above and is inadequate for describing these 
complex shock wave reflection phenomena; in particular the presence of expansion waves 
prior to focus is not accounted for in shock theory. The combination of time-resolved high-
speed imaging, improved flow visualisation techniques and well-developed computational 
techniques provide a unique opportunity for a detailed and complete analysis of these 
fascinating compressible flows. 
 
This work will aim to address many of the issues reviewed above relating to: the origin of 
expansions in cavity flows; the variation of the peak pressure amplification at focus with 
increasing incident shock strength and identifying the variation of shock wave focusing 
mechanisms found in compound profiles and deep profiles. In addition, it will explore new 
cavity profiles to examine variations in reflection phenomena and shock wave focusing. It 
also aims to provide additional insight into the fluid mechanics of the flow using a 
combination of both numerical and experimental tools. With these thoughts in mind the 
research objectives for this thesis follow. 
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2.7 Research Objectives 
The research objectives for this thesis are as follows: 
 
 Conduct extensive numerical testing of various concave profiles with and without 
inlet profiles using a suitable numerical package. 
 Validate the numerical scheme experimentally. 
 Identify variations in both the shock focus topology and focus mechanism with 
varying reflector profile and incident shock strength. 
 Implement qualitative and quantitative numerical and experimental flow 
visualization techniques. 
























3 EXPERIMENTAL & 
NUMERICAL APPARATUS 
3.1  Research approach 
In accordance with the research objectives testing was split between experimental and 
numerical approaches. Experimentation is still the most reliable and accurate means to study 
shock wave interactions and was used in this work as the benchmark. Experimental testing 
was conducted at both the University of the Witwatersrand (Wits) and the University of New 
South Wales’ Australian Defence Force Academy (ADFA) campus.  
 
Testing at ADFA employed a wide variety of advanced qualitative and quantitative flow 
visualization techniques, in combination with time-resolved high-speed imaging. A deep 
weighted catenary and two compound profiles were selected for testing in a conventional 
shock tube. These profiles had not been tested in literature before and were used to identify 
the primary flow features in cavity flows and their variation. The application of the 
qualitative and quantitative flow visualization techniques were aimed at providing additional 
insight into these features. Testing at Wits comprised of extracting pressure traces from the 
cavity field of a parabolic profile using the Michael Seitz automated shock tube. These 
pressure traces were then used to establish the validity of the numerical scheme. 
 
Since Computational Fluid Dynamics (CFD) permits the simulation of a large number of 
profiles in a relatively short period of time the balance of the testing was conducted using the 
validated numerical scheme. The aim of the numerical testing was to establish the variation 
of the primary flow features identified in both literature and in the experimental testing of this 
thesis. These would be established across a wide range of concave profiles and a Mach 
number range identical to the capability of the ADFA and Wits shock tubes. Numerical tools 
would then be used to extract and present the numerical data to provide additional 
quantitative information on the primary flow features. 
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3.2 Profile classification and test pieces 
Sturtevant and Kulkarny (1976) found that the shape of the shear layers in the focal region 
and the configuration of the shock waves involved in focus were dependent upon competition 
between the convergence of the reflected shock from the top and bottom of the reflector and 
the convergence of the reflection of the centre line portion of the incident shock wave to 
focus. The results of Izumi et al (1994) corroborate with these findings. Clearly the depth-to-
aperture ratio ( /D A ) of the profile is a pertinent parameter and is a useful means for 
specifying the size of the profiles. This methodology is also advantageous for experimental 
purposes since the experimental arrangement of a test section of a shock tube permits larger 
variations of depth than profile aperture. Therefore, in this work three base reflector profile 
shapes were selected where the aperture for each profile was fixed at 160 mm (based on the 
height of the Michael Seitz automated shock tube with a gap) and the depth varied resulting 
in depth-to-aperture ratio ( /D A ) increments of 0.25 between 0.25 and 1 for numerical cases. 
The parabola, ellipse and a weighted form of the catenary were selected as profile shapes 
where the latter profiles have not been tested or widely tested in literature.  
 
Figure 3.1 below illustrates the arrangement of all three base profiles in the x y  plane along 
with definitions and measurement of the variables used in their respective equations. All 
profiles were aligned concave to the right where the base vertex is situated at the origin of the 
Cartesian plane.  
 
 
Figure 3.1: Reflector profiles in the x y plane. Red line denotes the reflector profile. Point F is the 




Table 3.1: Designation of the pure base reflectors, their equations and other pertinent properties. 
 
Table 3.1 above lists the designation (labels were generated for organizational and post-
processing purposes) for each of the pure base reflector profiles along with equations for their 
depth and geometric focus. Note the following variations that occur in these profiles: 
 For pure elliptical profiles where the /D A  ratio is less than 0.5 the model aperture 
becomes the major axis resulting in a geometric focus that lies along the axis of the 
model aperture and not along the x  axis.  
 For pure elliptical profiles where the /D A  equals 0.5 the eccentricity 0   results in 
a circular profile. 
 No geometric focus exists for the pure weighted catenary. 
 
Table 3.2: Designation of compound reflectors, a profile descriptor and their equations. 
 
In addition to the base reflector profiles three blended geometry types (compound profiles) 
were added to examine the influence of entrance geometry on the focus topology and focus 
mechanism - see Table 3.2 above and Figure 3.2 below for their equations and geometries. 
The hyperbolic profile and parabolic profiles were selected as the bases. The inlet geometries 
Type Profile Shape General Cartesian Equation Depth Geometric Focus F 
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included a circular and parabolic entrance profile. Inlet geometries were blended with the 
base reflector by matching the first derivative of both the inlet and base profile curves thereby 
preventing any discontinuity in slope between the reflector and inlet. Table 3.2 above 
contains the inlet and reflector Cartesian equations for each of the compound profile types. 
 
 
Figure 3.2: Compound profiles in the x y  plane. Red lines denote the reflector profile and orange 
lines the inlet profile. 
3.2.1 Experimental test pieces 
Each experimental test piece was manufactured from a single rectangular aluminium block. 
Complex curves were machined into the block using a CNC machine following a series of 
over 2000 co-ordinates describing the respective curve. Models were fitted to the rear end of 
the shock tube using three M-6 bolts. Cavity profiles were smoothed to reduce acoustic 
perturbations induced by extreme variations in the surface roughness along the profile. 
Special care was taken to protect the sharpness of corners of the base profile since they have 
a strong influence on the corner signal. Three profiles were tested experimentally at ADFA 
and one profile at Wits. The details of these profiles are provided in Table 3.3 along with a 
model number used for reference purposes in section 4. Figure 3.3 below provides an 
illustration of all the experimental test profiles. Note that the experimental models 2, 3 and 4 
have a reduced aperture, compared to numerical test pieces and model 1, since the ADFA 
shock tube has a height of 150 mm. Test pieces 2 and 3 consist of a weighted catenary and a 
parabolic reflector profile respectively both fitted with parabolic inlet geometries. 
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Table 3.3: Experimental test pieces. For blended profiles the reflector aperture is the aperture of the 
base reflector curve and similarly the inlet aperture is the aperture at the end of the inlet profile; the 
inlet aperture is also the aperture of the entire model. Model 1 has a depth of 76mm and models 2 to 4 









/D A   
[ ] 
Reflector 
Equation Inlet Equation 
1 2-1 160.0 - 0.4 210x y   - 
2 4-2 40.0 140.0 0.287 1 cosh 5x y   2
( 0.003)
24.7515
y x    
3 2-2 40.0 149.5 0.226 210x y   2( 0.03)
39.063
y x    
4 4-1 146.0 - 0.714 1 cosh 6.2x y   - 
 
3.2.2 Numerical test pieces 
Table 3.3 below lists the properties of the various numerical test pieces and Figures 3.4 to 3.6 
below provides illustrations of the numerical test pieces. The numerical test pieces are quite 
extensive for the base parabolic, elliptical and weighted catenary profiles with /D A  ratios 
from 0.25 to 1. The experimental test pieces were also included in the numerical tests: model 
1 was tested for validating the numerical scheme and models 2, 3 and 4 were tested to 
provide quantitative numerical data to assist in the analysis of the experimental results. All of 
the numerical test pieces were tested between 1.2 1.45SM   except for model 1 and model 
4: Model 1 was limited to range due to diaphragm restrictions and model 4 was limited to an 
upper Mach number of 1.34 over concerns of cracking the test section glass (peak pressures 
are dependent on the incident shock strength and numerical simulations had shown this 
profile capable of producing significant peak pressures at focus). 
 
Note that the compound profile type 2-3 (models 17-19) described below in Table 3.3 used a 
base parabolic profile fitted with a circular inlet geometry. The base profile was identical to 
the deepest type 2-1 profile where its extent is increased by varying the /D A  ratio of the 
compound profile between 1.2 1.45SM   and blending the base with a suitable circular 
inlet to maintain the profile aperture at 160 mm. 
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Table 3.4: Numerical test pieces. For blended profiles the reflector aperture is the aperture of the base reflector curve and similarly the inlet aperture is the 
aperture at the end of the inlet profile; the inlet aperture is also the aperture of the entire model. Table continues onto the following page. 
 




/  [ ]D A  Reflector Equation Inlet Equation 
1 2-1 160.0 - 0.4 210x y   - 
2 4-2 40.0 140.0 0.287 1 cosh 5x y   2
( 0.003)
24.7515
y x    
3 2-2 40.0 149.5 0.226 210x y   2( 0.03)
39.063
y x    
4 4-1 146.0 - 0.714 1 cosh 6.2x y   - 







   - 







   - 







   - 







   - 
9 4-1 160.0 - 0.25  1 cosh 3.524x y   - 
10 4-1 160.0 - 0.5  1 cosh 4.967x y   - 
11 4-1 160.0 - 0.75  1 cosh 6.064x y   - 
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/  [ ]D A  Reflector Equation Inlet Equation 
12 4-1 160.0 - 1  1 cosh 6.98x y   - 
13 2-1 160.0 - 0.25 26.25x y   - 
14 2-1 160.0 - 0.5 212.5x y   - 
15 2-1 160.0 - 0.75 218.75x y   - 
16 2-1 160.0 - 1 225x y   - 
17 2-3 36.144 160.0 0.2 225x y      2 2 260.369 80 92.368x y     
18 2-3 79.126 160.0 0.4 225x y      2 2 218.369 80 45.31x y     












Figure 3.5: Pure parabolic and parabolic-circular compound numerical profiles. 
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3.3 Experimental flow visualization techniques at ADFA 
Experiments at ADFA implemented a wide range of flow visualisation techniques on a 
conventional air-driven shock tube with a 150 mm by 75 mm test section. These techniques 
were implemented based on a combination of the requirements to resolve specific flow 
features and to explore the capabilities of quantitative systems. It was envisaged that 
quantitative systems could provide not only quantitative data at a specific point in the flow 
field but also distinguish both the shape and magnitude of compressions and expansions 
waves in and around the focal region. These systems in combination with high-speed time-
resolved video photography would permit the tracking of these systems throughout the 
interaction to determine the origin of these waves. General descriptions and the setup of these 
flow visualisation techniques follow. For optical flow visualisation theory and detailed 
descriptions of the following flow visualisation techniques see Merzkirch (1987), Kleine 
(2001) and Settles (2001). 
3.3.1 Shadowgraph 
The shadowgraph flow visualisation technique records the sum of the displacements incurred 
by a refracted light beam along an optical path that transverses a non-uniform refractive index 
field. The deviation of the refracted beam from its original path results in an increase of 
illumination away from the original non-refracted beam. This deprives the intended 
destination of the undisturbed beam from light thereby casting a shadow. Shadowgraph is 
sensitive to variations in the second-order derivative of air density in both x  and y directions 
- the system is equally sensitive in both directions - resulting in a change of illumination at 
the recording plane (also referred to as the shadow plane by Kleine, 2001); the fluid density is 
related to the refractive index ( , )n x y  using the Gladstone-Dale relationship 
( , ) 1 ( , )n x y K x y  for a two-dimensional flow field where K is the Gladstone-Dale 
constant. Merzkirch (1987) has shown that for a test section of depth L  the change in 
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The arrangement of the optical components used for the shadowgraph system and the other 
flow visualisation techniques described below, employed two schlieren mirrors with a 240 
mm free diameter and 2624 mm focal length in a Z type configuration – Figure 3.6 below 
illustrates the flow visualization setups. The Z configuration generates a parallel beam of 
light through the test section from an extended light source using two spherical mirrors. 
Divergent light from the flash photography unit diverges from the focal point of the first 
mirror striking the mirror generating a parallel beam through the test section onto the second 
mirror. The parallel beam leaving the second mirror was focused onto the NHK high-speed 
camera using a suitable imaging lens - these vary depending upon the desired magnification. 
The prototype ultrahigh sensitivity ultrahigh-speed camera developed by NHK (Ohtake et al, 
2006) can record colour videos at 1 000 000 frames-per-second (fps) at resolution of 720 
wide by 413 pixels high. The camera uses a specialised CCD sensor developed by Etoh 
(2002) for time-resolved high-speed imaging. The high frame rate and good image resolution 
make the NHK camera ideal for high-speed photography of cavity flows. The camera and 
flash are triggered via one of the two pressure transducers used to determine the speed of the 
shock wave. 
 
Figure 3.6: Flow visualization setup at ADFA for: shadowgraph, monochrome schlieren, direction-
indicating colour schlieren and shearing interferometry. Setup employed NHK high-speed camera to 
record the interaction. Figure adapted from Kleine (2001). Note co-ordinate axes where y is measured 
perpendicular to the page. 
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The shadowgraph system employs a pinhole as a cut-off device at the focal point of the first 
schlieren mirror. This ensures the shadowgraph system is sensitive in all directions - not just 
in the x and y directions. Due to the off-axis arrangement of the mirrors a cylindrical lens is 
used to minimize the astigmatic difference between foci in the sagittal and meridional planes 
at the second mirror for the schlieren techniques and the shearing interferometry setup 
(Prescott and Gayhart, 1951); the cylindrical lens can be used for the shadowgraph system 
but is of little consequence to the setup. Coma is eliminated by using mirrors of equal focal 
length and ensuring the angles between the trunk of the Z and its branches are identical.  
3.3.2 Monochrome schlieren and direction-indicating colour schlieren 
The schlieren flow visualisation system measures the change in direction incurred by a light 
beam when it passes through a non-homogeneous refractive index field. The Toepler 
arrangement places a knife edge at the focal point of each parabolic mirror where both knife 
edges are aligned vertically to the preferred measuring direction. Disturbances or “schliere” 
in the test section result in a parallel light beam changing direction. This change of direction 
will result in a displacement of this ray pencil at the second cutoff device (Kleine, 2001). 
Displacements of the ray pencil vertical to the second cutoff device will result in a change of 
illumination in the recording plane i.e. only the component of the displacement vertical to the 
knife edge is measured. This change of illumination intensity will occur at the point in the 
image of the test section where the “schliere” originated from. The change in illumination 
intensity measured at the recording plane is proportional to the first derivative of the fluid 
density component. Merzkirch (1987) has shown that the change in illumination measured at 
the recording plane, where the focal length of the second parabolic mirror is 2f and height of 








  (3.2) 
 
The configuration of the monochrome schlieren system used in this work is illustrated above 
in Figure 3.6. As opposed to using a knife edge as a cuttoff a circular source mask is placed at 
the focal point of the first mirror. Note that the mask has an elliptical shape to correct the 
astigmatism inherent in an off-axis system; the distorted image of the mask will be circular 
when arriving at the focal point of the second mirror with the aid of cylindrical lens placed in 
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between the source mask and the first mirror. An iris diaphragm is used as a cut-off at the 
focal point of the second mirror to complete the setup. As with the previous setup the circular 
mask and cut-off provide sensitivity in all directions in the x y  plane. 
 
Direction-indicating colour schlieren technique, also known as a round dissection technique, 
closely resembles the black and white schlieren system described above; the dissection 
technique was first devised by Cords (1968). This novel system has been used to great effect 
by Harald Kleine which indicates the direction of the air density gradient of the visualized 
flow field by a specific colour. Colour systems are advantageous since changes in colour are 
easier to distinguish than monochrome illumination changes however they are less sensitive 
than an equivalent monochrome system (Kleine, 2001). A colour source mask is introduced 
at the focal point of the first schlieren mirror - see Figure 3.7b below. The colour mask uses 
the three primary colours arranged in near 120intervals in an elliptical pattern (distorted to 
correct the astigmatism in the setup) giving the system omnidirectional sensitivity. The 
correlation between colour and the direction of the density gradient the colour represents 
were established by taking a calibration image of a plano-convex lens in the test section 
shown below in Figure 3.7b. Note that the direction of a positive density gradient, for each 
direction, lies along a radial line pointed toward the centre of the circle. Cut-off was achieved 
by placing an iris diaphragm at the focal point of the second schlieren mirror and adjusting its 




Figure 3.7: Calibration images and source masks (inset) for: a) Model 3 using monochrome schlieren 
flow visualization and b) Model 4 using direction-indicating colour schlieren flow visualization. 
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3.3.3 Shearing interferometry 
Shearing interferometry yields both qualitative and quantitative information from the flow 
field under study. The system is also referred to as an interferential schlieren system owing to 
the similarities in setup with that of a schlieren system. A Wollaston prism interferometer 
operates by permitting the interference of two beams, separated by a distance d  in the test-
section, resulting in the formation of interference fringes; the shear 2d f    where 2f is the 
focal length of mirror 2 and   is beam divergence angle of the Wollaston prism. These 
fringes represent areas of constant density gradient, in a preferred direction, between these 
two points. The equation for the interference fringes, derived by Merzkirch (1987), 
measuring the magnitude of the interference in the x  direction for a plane density field in a 
test-section of depth L  is as follows: 
  









Since the system was operated using a polychromatic light source the fringe order is 
equivalent to a colour coded phase shift. The phase shift   associated with each colour 
fringe was determined by Oertel and Oertel (1989); see Appendix A for the colour-coded 
phase shifts for each interference colour. The setup of the Wollaston prism interferometer is 
illustrated above in Figure 3.6. The system used the Z configuration arrangement where a 
Wollaston prism (with a separation angle ε of 1 arc minute) is placed at the focal point of the 
second mirror; the spatial coherence of the xenon flash tube was improved by placing a 
another Wollaston prism in the focal spot of the first mirror (Merzkirch, 1987). The prism at 
the focal point of the second mirror, acts as a shearing element, by placing beams separated 
by distance d  in the test section on the same optical path; note that the two beams leaving 
the prism are polarized orthogonal to each other coinciding with the polarization axes of the 
Wollaston prism. A polarizer placed at the focal point of the second mirror, rotated at 45to 
the polarization axes of the prism, permits interference of the two beams by ensuring both 
rays have an equal direction of polarization. The polarizer placed at the focal point of the first 
mirror permits equal light intensity in both polarization axes of the prism (Kleine, 2001).  
 
It is important to note that since the system produces two parallel beams through the test- 
section discontinuities (body contours, shocks and contact surfaces) in the direction of the 
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shear (x direction) will produce a double image which in the current setup is approximately 5 
pixels wide ( 0.764 mm 5 pixelsd   ). Therefore, care must be taken in interpreting flow 
features and fringes adjacent to such discontinuities since the special resolution of such 
features will be compromised. In addition, flow features smaller than the shear cannot be 
adequately resolved. 
 
The calibration of the system was achieved by following the procedure outlined by Kleine H 
(2001). The system was operated in the infinite fringe mode where the ‘sky blue’ fringe was 
selected as the background and reference fringe for all tests using shearing interferometry. A 
plano-convex lens of large focal length (around 10 m focal length) is imaged in the test 
section revealing a range of vertical fringes where the centre fringe is identical to the 
background fringe. The calibration image for compound model 2 is shown above in Figure 
3.8; note that the Wollaston prisms are aligned to measure horizontal density gradients. The 
calibration range was determined by solving equation 3.3 for the density gradient component 
using the colour-coded phase shifts of Oertel and Oertel (1989) associated with the fringe on 
either extremity of the calibration lens. The measurement range of the Wollaston prism 
interferometer is given below in Table 3.5. Since the fringes are symmetrical about the 
achromatic fringe the sign of the density gradient component can become ambiguous (Kleine 
H, 2001). Numerical results will be used to clarify the sign of the gradient. 
 
 
Figure 3.8: Calibration image for compound model 2 (calibration lens enlarged). The Wollaston prism 
is aligned to measure gradients in the horizontal x direction hence the vertical fringes. Sky blue was 




Table 3.5: Density gradient calibration range for ADFA Wollaston prism interferometer where 
3 30.226 10 /K m kg  , 375 10L m  , 2 2.624f m  and 
41' 2.91 10 rad   
respectively. 
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3.4 Shock tube facility - University of the Witwatersrand 
3.4.1 General description 
The automated shock tube at Wits was utilized to extract pressure traces from the flow field 
of model 1 for comparison with numerical simulations. The tube is specifically suited to 
taking pressure measurements owing to its expansion chamber and test section design - for 
the full description of the facility see Appendix B. One of the test section doors features a 
grid of equally spaced port holes specified for the dimension of a PCB113A21 and PCB 
113B21 series piezo-electric pressure transducer; this door replaces one of the test section 
doors fitted with schlieren grade glass for the flow visualisation of the test section. The 
rectangular cross-section of test section measures 180 mm high by 76 mm wide. Model 1 was 
attached to the rear of the test section using 3 M-6 bolts. When both test section doors are 
closed and tightened there is a minimal gap between the model and each door (the sum of the 




3.4.2 Experimental and pressure transducer arrangement for pressure 
tests  
The experimental arrangement of model 1 in the test section and the location of the pressure 
transducers for each set of validation tests are illustrated below in Figure 3.9a and b. The 
experimental arrangement at both Wits and ADFA was such that it included gaps between the 
model and the top and bottom of the tunnel wall. The result of these gaps is as follows: the 
incident plane shock wave will diffract around the sharp corner and this wave system will 
reflect off the tunnel wall and feedback into the cavity field. Numerical and experimental 
results show that this wave is weak and depending upon the strength of the incident shock 
wave reaches the focal point after focus has occurred. Sturtevant and Kulkarny (1976) also 
found that the gap between the model and the tunnel wall had a minimal effect on shock 
wave reflections and focus in the cavity field.  
 
Table 3.6: Serial numbers for PCB 113A21 and 113B21 pressure transducers with their respective 
locations in the cavity field of model 1. 
 
Transducer Label Model Series Serial Number 
x location 
[mm] y location [mm] 
1 113A21 6393 -51.7 4.5 
2 113A21 6397 -35.2 4.5 
3 113A21 6398 -18.8 4.5 
4 113B21 20595 -51.7 70 
5 113B21 20596 -35.2 53 
6 113B21 20597 -18.8 37 
 
The grid of the port holes on the pressure door lie on an equal spacing that is slightly off the 
centre line of the test section - this prevented measurements of the centre line pressures and in 
particular the focal peak pressure. Table 3.6 above lists the serial numbers for all the 
transducers. Calibration curves from PCB were used to convert voltage values into pressure 
values; the measured pressure ratio and theoretical pressure ratio (calculated from equation 
2.6) across the incident shock wave were compared to check the calibration since the sensors 





Figure 3.9: Experimental arrangement of model 1 in the test section for numerical validation tests. 
Configuration A was tested at Mach 1.4 and configuration B was tested at Mach 1.3 and 1.46. 
Pressure transducers drawn to scale. 
3.5 Computational fluid dynamics 
3.5.1 Flow Euler code and numerical setup 
Since viscous effects have been shown to have a minimal effect on the solution and in general 
do not provide a more accurate result an inviscid numerical approach was used in this work. 
An in-house CFD code developed by Felthun (2002) for solving gas dynamic problems in 
moving and deforming domains was selected to perform the numerical simulations for this 
work. The compressible Euler equations, in terms of an arbitrary moving reference frame, are 
solved using a finite volume scheme; a vertex centred control volume was selected to 
discretize the Euler equations on the mesh. The solution of the Euler equations is stabilized 
by adding dissipation implicitly in the evaluation of the Euler fluxes. This upwind approach 
employs a flux vector splitting method. The flow solver has second order accuracy in space, 
where a linear variation of the solution within a cell is reconstructed. The reconstruction 
procedure works in combination with a multi-dimensional limiter of Barth and Jeperson 
(1989) to limit overshoots and oscillations in the solution. The code employs dynamic 
unstructured triangular meshes adapted using a scheme developed by Felthun (2002) where 
the maximum density gradient error within a cell is maintained within a user defined value of 
the maximum allowable density gradient error found across the entire mesh. 
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The arrangement of the model used in all simulation cases, illustrated in Figure 3.10 below, 
represents the ideal case where there are no gaps between the model and the test section. 
Since these gaps have been shown to have a minimal effect on the shock wave dynamics in 
the cavity field and would only increase the simulation time they were excluded. Note that 
the diffraction of the incident shock wave at the model tip would not arise in this 
configuration. As noted above in section 3.4.2, this wave system is very weak and there is no 
literature to suggest that it has any or significant effect on the shock wave interactions in the 
cavity field.  
 
Since the concave profiles used in this work have an axis of symmetry about the x  axis only 
half of the profile was simulated thereby decreasing the simulation time for each case. A 
rectangular tube, of the order of at least two characteristic lengths, was added to the profile to 
provide both time and space for the code to sufficiently resolve the plane shock wave prior to 
its entry into the cavity field - a fairly conservative approach. The left boundary of the 
domain permits supersonic inflow and outflow; the remaining boundaries along with the 
profile curve of the model are solid wall boundaries. The final solver settings used for the 
simulations follow once the numerical scheme has been shown to be valid. 
 
 
Figure 3.10: Numerical geometry setup for model 1 illustrating the typical mesh adaption around 
shocks waves and shear layers in the flow field. 
3.5.2 Validation of the numerical scheme 
The procedure for validating the numerical scheme involved demonstrating that the 
numerical solution was mesh-independent and that this solution compared favourably with 
the experimental result. Pressure traces, measured from various sites in the cavity field of 
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Model 1, were selected as the comparison variable for both of these tests. The Mach number 
range for the tests was limited to selected values found in the range of the ADFA shock tube: 
Mach 1.3, Mach 1.4 and 1.46. Mesh independency was established by finding the limits of 
cell size at which the solution remained converged for a decrease in the upper and lower 
limits of cell size.  
 
Figure 3.11 below illustrates a comparison of pressure traces from transducer location 2 from 
various meshes with differing limits on the minimum and maximum cell size. The pressure 
traces are extracted from the cavity field of model 1 at a Mach number of 1.4 and an 
atmospheric pressure of 83 100 Pa for comparison with experimental results performed at 
Wits. Note that the PCB pressure transducers measure the average pressure across the surface 
area of the transducer face. Therefore, for comparison purposes the CFD traces used for 
validation (figures 12-14) were computed using the average pressure across a rectangular 
region of the interpolated mesh with the same surface area as the PCB transducer face. All 
remaining CFD pressure traces used for the thesis are computed at a single point in the 
interpolated mesh.  
 
The meshes have been labelled 1 through to 3 where the limits are steadily (both the 
maximum and minimum cell size) decreased to examine the performance of the mesh with 
increasing refinement. The properties of meshes 1 to 3 are listed below in Table 3.7. The 
mesh settings used for all of the numerical simulations are identical to the settings used for 
mesh 3. The final solver settings are as follows: the maximum and minimum allowable 
density gradient error within a cell is set at 1% of the maximum allowable density gradient 
error found across the entire mesh; the CFL value is set at 0.5 and the data files are output at 
2µs time intervals. 
 
Table 3.7: Mesh properties for meshes used to show mesh-independency. Minimum and maximum 
cell sizes are given as a percentage of the model aperture. The solver settings used for the mesh-
independency test are identical to the final solver settings. 
Mesh No. Min. Cell size [ ] Max. cell size [ ] Mesh buffer layers [ ] 
Mesh refinement 
levels [ ] 
1 3% 1%  3  2 
2 4% 0.50%  3  2 
3 1.5% 0.1875%  3   2  
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Figure 3.11 illustrates the following characteristics of the solution for the various meshes: 
 
 The solution converges for a relatively coarse mesh where increases in refinement do 
not provide any changes in the solution.  
 The peak focal pressure is mesh-dependent as found by the study of Izumi et al 
(1994). Variations in the peak focal pressure, between different meshes, where found 
to increase with increasing depth of the profiles. As will be shown later on, deep 
profiles produced significant peak focal pressures.  
 Despite variations in the peak focal pressure the subsequent solution remains 
converged i.e. the solution after the peak focal pressure is mesh-independent. 
 Different meshes can affect the timing of the various pressure rises and falls as is 
clear when comparing the solution of mesh 1 with meshes 2 and 3. However, the 
timing differences are small. 
 
 
Figure 3.11: Comparison of pressure traces from three different meshes. Pressure traces are taken 



























The mesh-independent solution (mesh 3) was then compared with experimental traces from 
Wits. Figures 3.12 to Figure 3.14 illustrate comparisons between numerical and experimental 
traces from various locations in the flow field of Model 1 at a range of Mach numbers. 
Comparisons show an excellent agreement between the numerical and experimental results.  
 
Figure 3.10 illustrates the pressure profile behind the reflected shock (R) of the inverse Mach 
reflection where the Mach stem (H)  has vanished and the reflection is about to form a TRR. 
The first pressure jump corresponds to the incident shock wave (I); the second jump occurs 
with the passing of the reflected shock wave (R). Interestingly a strong expansion follows the 
pressure jump of the reflected shock wave. The comparison of the two traces is good except 
for a slight deviation after the reflection of the main reflected wave (M) with the profile wall 
passes over the transducer post-focus. However, the experimental trace returns to the 
numerical trace. This trend is also found in Figure 3.13 and Figure 3.14 where the 
experimental trace deviates from CFD trace post-focus.  
 
 
Figure 3.12: Comparison of CFD and experimental pressure traces at transducer location 6. The Mach 
number is 1.3 and atmospheric pressure is 83 100 Pa. Inset image shows incident shock wave 





Figure 3.13: Comparison of CFD and experimental traces at transducer location 3. The Mach number 
is 1.4 and atmospheric pressure is 83 100 Pa. Inset image shows incident shock wave behaviour at the 
transducer. Note finite size of pressure transducer relative to size of the flow features. 
 
 
Figure 3.14: Comparison of CFD and experimental traces at transducer location 5. The Mach number 
is 1.46 and atmospheric pressure is 83 100 Pa. Inset image shows incident shock wave behaviour at 
the transducer. Note finite size of pressure transducer relative to size of the flow features. 
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Figure 3.13 illustrates the two pressure jumps after the passing of the incident shock wave. 
The first jump occurs due to the reflected shock wave (R) passing over the transducer prior to 
focus. The second jump occurs due to the passing of the main reflected wave (M). The 
pressure rises between the two peaks due to a series of compression waves preceding the 
main reflected wave (M). The CFD in this case tends to predict a larger pressure at the 
passing of the main reflected wave (M). This may be due to the the CFD overpredicting the 
peak focal pressure from which the solution for the rest of simulation will follow. However, 
these differences become minimal after the main reflected wave (M) has passed. This tends to 
indicate that despite the mesh-dependency of the peak focal pressure the solution thereafter 
remains mesh-independent (as discussed above) and correlates wells with experimental 
results. 
 
The pressure profile illustrated in Figure 3.14 is similar to Figure 3.12 where the transducer 
measures the pressure behind the reflected shock wave (R) of the incident Mach reflection. 
Once again the pressure initially jumps twice: the first jump is due to the passing of the 
incident shock wave (I) and the second the reflected shock wave (R). Thereafter, a small 
expansion results until the reflection of the main reflected wave (M) with the profile wall 
passes over the transducer. This trace shows that the correlation is still good at the higher end 
of the test Mach number range. Thus the numerical scheme is judged to be sound over the 
Mach numer range of 1.2 to 1.45. 
3.5.3 Numerical post-processing tools 
Since the numerical component of this work was quite significant a large number of post-
processing Matlab programs and Tecplot macros were developed for post-processing 
purposes - nearly 2500 lines of code in total. The tools were developed primarily for 
organizing and interpolating the CFD data and producing specialized images thereof. Many 
of the programs were developed to batch process the results to reduce the overall data 
processing time. 
 
Interferometry was selected as the flow visualization technique for the bulk of numerical 
results since it tended to reduce noise around discontinuities (noticeably in the buffer layers 
of the mesh that surround discontinuities) when compared to numerical shadowgraph or 
schlieren techniques which tended to amplify the noise in these regions. It is noted that the 
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techniques used experimentally and numerically measure different properties of the flow: 
shadowgraph, schlieren and shearing interferometry techniques measure a component of the 
air density gradient (first or second order) whereas reference beam interferometry measures 
the air density of the flow field. However, the primary concern of this work is to perform a 
qualitative analysis of the shock structures and their variation between different geometries. 
Both of the flow visualisation techniques used experimentally and numerically are suitable 
for identifying the various shock waves involved in the interaction thereby permitting a direct 
comparison between the experimentally and numerically observed shock wave structures. It 
is noted that numerical interferograms are not well suited for resolving discontinuities that do 
not involve significant density changes – in particular weak shear layers. In such instances, 
where resolving a shear layer is required to define a reflection type, schlieren flow 
visualisation will assist to make a definitive call on the reflection type. 
 
 
Figure 3.15: Numerical interferometry illustrating pre-focus and post-focus shock wave behaviour in a 
compound profile. The incident shock wave has a Mach number of 1.45.  
 
A program written by C. Law was developed for this thesis to batch produce the 
interferometry images. Care was taken to design the program such that it selected a test 
section size that resulted in an optimum number of fringes for the simulation case; a fixed 
value was not adequate since it frequently resulted in too many or too few fringes over the 
course of the interaction since the density range varied significantly. Therefore, the optimum 
number of fringes was determined based on the density profile that occurs over the entire 
time history for each simulation case – in essence the interferometry system was operated in 
an infinite fringe setting by varying the depth of the virtual test section on a case-by-case 
basis. Figure 3.15 above illustrates a set of interferometry images developed using the code. 
Note that the inlet section of the profile is coloured in orange and reflector section in red. 
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4 PRINCIPAL FLOW FEATURES 
- RESULTS AND ANALYSIS 
The purpose of this section is to provide a detailed discussion of the flow features that arise in 
concave profiles using experimental data supplemented with numerical data. This section is 
split into three results subsections and one conclusion subsection. The results subsections 
have been organised according to the focus mechanism and focus topology produced by 3 
different experimentally tested profiles. The first subsection provides a detailed analysis of 
the standard focus mechanism. The second subsection illustrates interesting variations in 
focus topology introduced by means of an inlet. The third subsection examines a new focus 
mechanism found in profiles with a depth-to-aperture ratio of 0.75. 
 
The experimental testing was conducted at ADFA using a conventional air-driven shock tube 
with a test section measuring 150 mm x 75 mm. Models 2, 3 and 4 were tested in the Mach 
number range of 1.2 1.45sM   using a range of different flow visualization techniques. 
Images were recorded using a NHK prototype high-speed camera (models 2 and 4) and a 
Shimadzu high-speed camera (models 3 and 4) where the recording frame rate was varied to 
suit the capture of the phenomena of interest. Since three sets of testing were conducted over 
the period of a year there is small difference in atmospheric pressure and ambient temperature 
between the various tests. The atmospheric pressure and ambient temperature vary in the 
range of 931 956ambP  kPa and18 22.5ambT  C respectively. 
 
Since the results involve the analysis of transient data the videos for each of the tests (as well 
as velocity vector plots) presented below are available in the digital appendix – see the Excel 
file “Table of Contents”. The reader is strongly encouraged to view the videos since the 
analysis below involves a discussion of the development of complex transient features. 
Images for each test are also provided should the printing resolution of the image be 
insufficient. For reference purposes the frame number is included in the experimental and 
numerical images below. This frame number corresponds to the file name of the respective 
image in the digital appendix. Image scale for each figure is provided in one of the images in 
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the figure unless indicated on the figure axes. Note that not all of the shock waves and shear 
layers are labelled in the images below since they have a tendency to obstruct other features – 
the reader is referred to Figure 2.8 for labelling of the various flow features. 
4.1 Standard focus mechanism and focus pattern 
The aim of this subsection is to perform a detailed analysis of the standard focus mechanism 
that occurs in model 2. The pre-focus, focus and post-focus shock wave reflection behaviours 
will be closely examined. In addition, the velocity profile of the airflows behind the various 
reflections throughout the interaction will also be studied. It has been found that the standard 
focus mechanism is the most common mechanism found in literature and in this thesis. In 
addition, the focus mechanisms found in profiles with higher depth-to-aperture ratios are 
variations of the standard focus mechanism. Therefore, a detailed discussion of this 
mechanism is fundamental to understanding the interaction of a plane shock wave with a 
concave profile. 
4.1.1 Regular reflection of incident shock wave 
The initial engagement of a plane shock wave with model 2 results in a regular reflection as 
seen in image a) of Figure 4.1. This is expected due to the blunt entrance of the inlet and the 
high Mach number of the incident shock wave. Note that due to the properties of the ADFA 
shock tube transverse waves trail the incident shock wave increasing in strength with 
increasing incident shock strength; these waves distort the fringes in an area of interest by 
inducing an additional phase shift of the light in the affected area. Transverse waves are 
easily discerned in the images below since they are not symmetrical about the x axis.  
 
Returning to the interaction, the incident shock wave propagates from the inlet into the 
reflector portion of the compound profile during which the angle between the slope of the 
profile and the incident shock decreases. Higher-order fringes develop behind the reflection 
point decreasing in order away from the reflection point (fringes decreases from matt purple 
to the reference fringe sky blue). The sign of the density gradient component that these 
fringes represent is ambiguous since these fringes exist on either side of the achromatic 






Figure 4.1: The initial reflection of the incident shock wave with compound model 2 visualized using 
shearing interferometry. Calibration image is inset in image a). The incident shock wave has a Mach 
number of 1.44 - see video 1. The time difference between the individual frames is 33µs and the video 
frame rate is 180 kfps. 
 
Figure 4.2 below illustrates a point CFD pressure trace taken from behind the regular 
reflection. The trace clearly shows that both the incident shock wave and reflected wave R 
produce step changes in pressure. Thereafter, the pressure decreases at a decreasing rate and 
then stabilizes until the main reflected wave arrives at the transducer site. Clearly the fringes 
represent a negative density gradient component, near the reflection point, generated by an 
expansion field. Note the curved shape of each of the individual fringes indicates that the 
expansion field is non-uniform in the horizontal direction.  
 
It seems likely that the reflected wave R of the regular reflection arises due to coalescing of 
successive compression signals from the reflector wall. The strength of this wave is non-
uniform and constantly varies with time due to the nature in which the compressions from the 
wall coalesce with R. Bearing in mind that the compressions from the wall are sonic waves 
which convect according to local sound speed and local fluid velocity the strength of the 
reflected wave is likely to change with time. In addition to the compressions from the wall, 
there is an expansion field behind the reflection point and the adjacent sections of R – this 
expansion is responsible for accelerating the air flow up the profile wall. The shearing 
interferometry clearly shows that the expansion field lies behind the reflection point and it 





Figure 4.2: CFD point pressure trace taken from behind the incident regular reflection of the incident 
shock wave with compound model 2 with 1.44SM  . Figure illustrates a relatively strong expansion 
behind the reflected shock R. 
 
Figure 4.3 below provides an estimate of the Mach number of the flow behind the reflection 
point measured in a frame of reference attached to the reflection point on the wall. The figure 
is an estimate since the velocity of the reference point can only be calculated between two 
sequential frames with a 2µs interval i.e. the reference velocity used for the transformation is 
not an instantaneous velocity but an average velocity across two CFD frames. 
 
Figure 4.3 clearly shows the flow behind the reflection point is supersonic relative to the 
reflection point while travelling along the inlet portion of the profile. The Mach number 
behind the reflection point then decreases to a sonic condition as the incident shock wave 
enters the reflector portion of the profile coinciding with the strengthening of an expansion 
field behind the reflection point. These characteristics appear to indicate that the reflection is 
at or near transition to a different reflection pattern in response to the changing slope the 




Figure 4.3: Mach number plots illustrating the Mach number variation behind the regular reflection as 
it moves up the wall. Velocities are measured relative to a reference frame attached to the intersection 
of the regular reflection and model 2. The time difference between the frames is 20µs. The incident 
shock wave has a Mach number of 1.45. 
 
 
Figure 4.4: Magnified view of compound model 2 using shearing interferometry illustrating the 
development of shock system pre-focus. The shock wave Mach number is 1.4. Both images indicate 
the non-uniformity of the density gradient component adjacent to shock wave R. See video 2. The 
time difference between the frames is 33µs and the video frame rate is 330 kfps. 
 
A magnified view of the base of model 2, shown in image a) of Figure 4.4, shows the 
development of a TRR consisting of shock waves F, R, I and W along with shear layer S. 
There is a clear discontinuity in slope between the shock waves R and F where higher-order 
fringes have developed along a section of R near the triple point of R, W and F. These fringes 
increase in order, as illustrated in image b) of Figure 4.4, as the TRR’s from either wall 
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transition to Mach reflections consisting of the shock waves F, R and W along with shear 
layer S from the earlier TRR. The distribution of the fringes is non-uniform along R 
indicating a non-uniform flow field behind R. Once again the sign of the density gradient 
component is ambiguous and requires pressure traces to establish the nature of flow field 
behind R especially considering the non-uniformity of the shapes of the various fringes.  
 
 
Figure 4.5: CFD pressure trace from compound model 2 at a point near the triple point of the Mach 
reflection consisting of the shock waves F, R and W. Second inset illustrates the pressure rise due to 
the fan of compressions C and the Main reflected wave (M). The Mach number is 1.45. 
 
Figure 4.5 above illustrates the pressure history at a point along R near the triple point 
generating shear layer S. The trace indicates a substantial rise in pressure due to R followed 
by small expansion followed by a slight compression. Thereafter, the pressure jumps due to 
the passing of the main reflected wave M.  Since the fringes observed above precede the main 
reflected wave these fringes represent a non-uniform compression behind sections of R. The 
small expansion appears to originate from the triple point of the Mach reflection due to the 
presence of a sequence of fringes associated with a negative density gradient component– 
these fringes are magnified and inset in image b) of Figure 4.4. The fringe sequence moves 
from the white to brown and then onto the reference fringe giving a clear and unambiguous 
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indication of an expansion. Since these are lower order fringes the expansion is quite weak as 
confirmed by the pressure trace above. 
 
Figure 4.6 illustrates a pressure trace measured further away from the triple point along R at 
such a point that the reflected wave R will cross this location and the location used in Figure 
4.5 above at the same time instant. The trace illustrates a lower pressure rise across R, when 
compared to the trace above, illustrating the non-uniform strength of R. The trace also 
illustrates a smooth compression following R, illustrated by the higher-order fringes in image 
b) above, indicating that a non-uniform compressive field exists behind R at this time instant. 
 
 
Figure 4.6: CFD pressure trace measuring the nature of the pressure field for compound model 2 
behind the reflected shock wave R. Second inset image illustrates the pressure field in front of and 
after the Main reflected wave M. The Mach number is 1.45. 
 
This compressive field is most likely formed by compressions produced by the latter sections 
of the reflector profile of the model. Portions of these compressions are expected to reinforce 
the reflected wave R where their remaining sections develop the compressive field behind R. 
This is similar to the development of the reflected wave of the Mach reflection described in 
section 2.5.1 where parts of the perturbations would coalesce forming the reflected wave 
however away from the reflected wave they would disperse. The compressive region seen 
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behind R is the area where the compressions are dispersed hence the smooth pressure rise. 
Image b) illustrates three or four distinct compressions where the fringe pattern is stretched 
along the compression – these distinct compressions are more than likely formed from a fan 
of compressions. These clearly indicate that the smooth compressive field behind R results 
from the dispersed area of compressions. The strength of both R and the compressive field 
behind R tend to increase as the wave system nears focus as indicated by the presence of 
higher-order fringes in image b). This non-linear steepening of the flow field, first described 
by Sturtevant and Kulkarny (1976), results from the rapid convergence of perturbations from 
the wall in a compact area in a relatively short period of time. 
 
In addition to the compressive field behind R there is also a very weak expansion field behind 
certain sections of R that vary with time. When comparing the dark blue fringe (a fringe 
below the reference fringe) along R with the reference fringe on the other side of R – see 
section of R moving back into the shock tube in frame b) of Figure 4.4 and frame b) of Figure 
4.1 – it is clear that there is a weak expansion present in certain areas that appears to vary 
with time. This expansion appears to reach its peak intensity in frame b) of Figure 4.1 while 
the reflection pattern is regular and appears to dissipate as the shock system reaches focus in 
frame b) of Figure 4.4. 
4.1.2 Gas Dynamic focus 
Image a) of Figure 4.7 illustrates the start of gas dynamic focus where the triple points of the 
two Mach reflections have reflected off each other along with wall shock W. A new set of 
Mach reflections are formed - the Mach stem P common to both reflections - consisting of 
shock waves P, R and M and a new barely visible shear layer B developed behind the Mach 
stem P in the focal region. The compressive field adjacent to R and M continues to steepen 
and rotate where the fringe order has exceeded the positive range of the calibration.  
 
The compressive field appears to be at it strongest near the intersection of R and M. The 
section of R concave to the right (near the intersection of R and P) gradually becomes convex 
to the right as seen in image 36. This change in curvature indicates that the reflected shocks R 
are about to cross thereby enclosing the focal region and completing the focus process. As 
noted by Sturtevant and Kulkarny the focal region shape is dependent on the competition 
between the convergence of R towards the centre line and the acceleration of the centre line 
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shock P. In this case the convergence of R exceeds that of the centre line shock P resulting in 
B type focal topology. 
 
A magnified image of the focal region inset in image b) illustrates a range of fringes moving 
from the reference fringe on right (where the shear layer S intersects the shock wave M) past 
the black fringe and onto higher-order fringes that become distorted due to lack of image 
resolution. Since the fringe pattern passes through the black fringe it is clear that a strong 
non-uniform expansion occurs behind M as indicated in the pressure traces of Figure 4.5 and 
Figure 4.6 above. The fringes vary in width and tend to be vertical along the centre line but 
curve up and toward the Mach stem P as the fringes near the shock wave M. It also appears 




Figure 4.7: The progression of gas dynamic focus using shearing interferometry. The shock wave 
Mach number is 1.44. The time difference between the frames is 6µs and the video frame rate is 330 
kfps. See video 2.  
 
The focusing process ends in image a) of Figure 4.8 with the transmission or reflection of the 
reflected shock waves R; a magnified image of the focal region, enclosed by the shear layers 
B developed from either end of the Mach stem P, is inset in image a). The compressive field 
separates from R and decreases in strength as the main reflected wave expands and absorbs 
the near sonic compressions. There appears to be a substantial gap between the meeting of 
shear layers S and the start of the focal region as seen in the inset image of the focal area in 
image a). This area passes through the white and black fringe indicating that the gas is being 
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expanded and accelerated along with the expanding wave M. This expansion drives the 
enclosed shear layers of B to propagate away from the point of gas dynamic focus.  
 
The expansion field behind the main reflected wave M remains strong decreasing in strength 
towards the base of the profile. Areas of stagnation or near stagnation occur behind the shear 
layers S and in areas adjacent to the focal region. However, this latter area will tend to shift as 
the expansion field continues to evolve with the propagation of M. Interestingly, an 
expansion field emanating from the interaction of M with the profile wall extends from the 




Figure 4.8: Image a) illustrates the end of gas dynamic focus – an enlargement of the focal region is 
inset. Image b) illustrates the post-focus wave development. The Mach number is 1.44. The time 
difference between the frames is 63.5µs and the video frame rate is 330 kfps and 180 kfps for video 1 
and 2 respectively. 
 
With the transmission of the reflected shock R complete a Mach reflection Q develops with 
two trailing shear layers B as illustrated in image b) in Figure 4.8. A remainder of the 
compression field precedes the Mach stem Q where the field around M has rapidly decayed. 
The strength of the expansion behind M remains non-uniform but has considerably weakened 
as expected with the enlargement of M. The expansion tends to decrease in strength from M 
towards areas adjacent to the enclosed focal region, created by shear layers B, where the flow 
is nearly stagnant. A weak expansion (denoted by the brown fringe colour) remains in front 
of the shear layers S and behind the enclosed focal region; it is not clear whether the density 
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gradient component becomes more or less negative in this area; an area of stagnation exists 
between this expansion and the expansion behind the main reflected wave M. The flow 
behind the shear layers S remains stagnant. The compression system between M and the 
profile wall has increased in strength and appears to approach a transition in the reflection 
pattern or the reflection pattern may have already changed but is not visible at this stage.  
 
The magnified image of the focal region above provides the impression that at the point of 
gas dynamic focus a very short Mach stem develops but only a single shear layer is visible in 
the focal region. At some stage the Mach stem increases in length where two visible shear 
layers become visible. This interesting effect is seen in model 2 at Mach 1.2, as illustrated 
below in Figure 4.9, where only a single shear layer is visible in the focal region. Image b) 
clearly illustrates that the reflected shocks R have not crossed and a short Mach stem has 
developed in the focal region; this effect was seen in Figure 2.21 in both the circular and 
parabolic profiles. It seems likely that convergence of the reflected shock R towards the 
centre line and velocity of the centre Mach stem reach a point where they are equal. 
Thereafter, the centre line shock slows down allowing the reflected shock wave R to cross 
and the focus process ends. Interestingly, the shapes of the fringes in compressive field in 
Figure 4.9 near the reflected wave R are more circular. Clearly, non-linear effects tend to 
dominate at higher Mach numbers and acoustic effects at the lower Mach numbers allowing a 
more uniform convection of the compressions. 
 
 
Figure 4.9: The progression of gas dynamic focus for model 2. The Mach number of the incident 
shock wave is 1.2. Inset image in image C illustrates the shape of the focal region. Time differences 





Figure 4.10: Map of maximum pressure amplification history for compound model 2 at a Mach 
number of 1.2 (left image) and 1.45 (right image). Pressure is normalized with respect to the pressure 
P0 behind the incident shock wave. 
 
Figure 4.10 above illustrates a comparison of the maximum pressure amplification history for 
model 2 at Mach 1.2 and 1.45. Note that history implies a time period starting when the 
incident shock wave enters the cavity until the post-focus wave system departs the cavity 
field. Therefore, maximum pressure amplification history at a point in the cavity field is 
determined by saving the maximum pressure that occurs at that location over the history of 
the interaction and normalizing by the value by P0.  
 
Peak pressure amplification is shown to occur in the focal region behind and near the Mach 
stem in Figure 4.10. The extent of the peak pressure region increases along with the peak 
pressure amplification with increasing Mach number. This effect is due to a stronger and 
larger Mach reflection P which tends to persist for a greater period of time before the 
reflected shocks R cross. High pressure amplifications are also present in both cases behind 
the reflection of the main reflected wave M and wall of model 2. 
4.1.3 Post-focus wave behaviour  
The post-focus wave behaviour, illustrated in image a) of Figure 4.11, shows an expansion of 
the main reflected wave M along with a slight enlargement of the Mach stem Q. The 
expansion field behind M continues to weaken where low order negative fringes are visible 
behind M. The fringes decrease from the forward sections of M from white to dark blue 
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colouring indicating that a weak expansion prevails in and around the centre regions of the 
profile. The compressive field in front of M has been severely attenuated with only low order 
compression-indicating fringes preceding M. Interestingly, a weak expansion is visible at the 
intersection of the reflection point of the two reflected waves R due to the presence of white 
and brown fringes along with a barely visible shear layer. It seems likely that this expansion 
indicates that a transition in the reflection pattern is about to occur or has occurred as seen in 
frame b) where a new Mach reflection precedes the Mach stem Q. It is unclear whether the 
expansion dissipates once the transition has occurred due to the merging of Q with this new 
Mach stem; this phenomenon interestingly appears to be quite similar to the flow pattern seen 
in the focal region for Mach 1.2 above where a single shear layer is produced from the 
apparent intersection of two reflected waves trailed by an expansion. Also bear in mind that 
the post-focus configuration of the shock waves results from two TRRs symmetrical about 
the cavity centre line. Therefore, this is a transition from a TRR to a Mach reflection. 
 
 
Figure 4.11: Post-focus shock wave behaviour visualized using shearing interferometry. The incident 
shock wave Mach number is 1.44. The time difference between the frames is 28µs and the video 
frame rate is 180 kfps. See video 1. 
 
As the main reflected wave M proceeds to exit the profile a Mach reflection of M with the 
profile wall develops. The Mach reflection consists of: the Mach stem T, the reflected shock 
wave D and shock wave M along with a new shear layer U. The initiation of the reflection 
appears to occur where the inlet and reflector portions of the profile meet. The shearing 
interferometry clearly shows that a non-uniform expansion develops behind the Mach stem T 
that extends a considerably distance behind the reflection patterns. In addition the fringe 
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pattern behind T in image a) is quite non-uniform indicated by the circular black fringe 
behind T. The reflected wave D contains higher-order fringes expected to be compressions.  
 
A pressure trace from this region illustrated below in Figure 4.12 shows that a steep pressure 
rise occurs across M followed by a very weak expansion (dark blue fringe exists between M 
and D indicating a weak expansion) and then a compression. Thereafter, the pressure 
decreases due to the expansion field, clearly indicated in the shearing interferometry, behind 
the Mach stem T. This expansion field tends to weaken, illustrated in image b) of Figure 4.11 
where the black fringe disappears behind the Mach stem T. However, its extent continues to 
enlarge to quite a considerable size (easily identifiable with the use of shearing 
interferometry) with the enlargement of Mach stem T. Images a) and b) of Figure 4.11 also 
show the development of two vortices on either side of the shear layers B that appear to be a 
result of the jet J. These features will be discussed in detail in the following subsection. 
 
Figure 4.12: CFD pressure trace illustrating the nature of the pressure field behind the main reflected 
wave M and its Mach reflection M, D & T with model 2. The Mach number is 1.45. 
4.1.4 Velocity profile 
Figure 4.13 and Figure 4.14 below illustrate a progression of air velocity vector plots in the 
cavity field of model 2 superimposed onto interferograms of the flow field. Velocity vectors 
are both scaled in length and coloured according to their resultant magnitude measured in the 
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laboratory reference frame. Due to the large number of the nodes in the mesh a skip is 
introduced which randomly skips nodes in the mesh preventing an excess of arrowheads in 
the flow field.  
 
The flow behind the incident shock wave, having no knowledge of the reflected shock R, 
abruptly changes direction upon interacting with R as illustrated in image a) of Figure 4.13. 
The flow is redirected up (note that from hereon ‘up’ refers to the flow direction in the lower 
half of plots referring to flow velocity direction) and nearly parallel to the profile wall. The 
air velocity magnitude is not significantly altered except near the sections of R propagating 
away from the profile. Image a) indicates that the air velocity reaches a peak behind the 
reflection point of regular reflection as it nears transition to the TRR pattern. Image b) shows 
the pre-focus shock system illustrating the strong upward component of air velocity behind 
the wall shock W especially near the triple of the Mach reflection. Interestingly the direction 
of the flow relative to R is nearly oblique to R near the intersection of R and the triple point 
of the Mach reflection proceeding to focus i.e. the flow is directed upwards and toward the 
cavity exit. The air velocities in this area are of comparable magnitude to the magnitude of 
the air velocity behind the incident shock wave. Image b) also illustrates the highly non-
uniform flow behind the reflected shock F showing some areas that are nearly stagnant.  
 
In image c) the shock is at focus. A strong upward air flow is directed towards the triple point 
of P, R and M; this occurs in the region between the reflected wave R and M. Image d) 
illustrates the strong expansion that occurs behind the Mach stem P. The air flow behind the 
stem has a strong horizontal component travelling supersonically relative to the profile wall. 
Clearly the strong expansion behind M is responsible for turning the incoming flow around 
and accelerating it away from the focal region. Interestingly, during the focal process the air 
behind M on either side of the focal area is directed toward the triple point. This occurs due 
to the strong vertical flow behind the intersection of R and M and prevails until focus is 
complete. The flow behind M near the profile wall, as described above using the shearing 
interferometry, is nearly stagnant. Image d) also illustrates how the air travelling up the 
profile wall is redirected by M away from the focal region. For this reason the air behind the 
main reflected wave can remain nearly stagnant (except of course near the shear layers S and 
in the focal region that drive themselves) since it is continually supplied by the incoming air 





Figure 4.13: Air velocity vector plots superimposed onto interferograms for model 2 with 1.45SM  . 
Vectors are scaled and coloured according to their resultant magnitude measured in the laboratory 
frame of reference. Time differences between the frames are as follows: 44µs, 12µs and 4µs 





Figure 4.14: Air velocity vector plots continued from Figure 4.13 above illustrating the later stages of 
gas dynamic focus followed by the post-focus behaviour for model 2. Time differences between the 




In image e) the focus process is complete with the transmission of the reflected shocks R that 
cross each other forming a new Mach stem Q. The air flow magnitude in the focal region 
remains large in magnitude and horizontal. A strong upward air flow continues to exist 
between R and M near the triple point. This strong upward flow is now redirected by M away 
from the focal region (not towards the focal region as seen during focus) and is 
predominantly horizontal. Image e) also illustrates that large air velocity magnitudes occur 
predominantly near the forward sections of M – this is also evident by the higher-order 
expansion fringes seen behind the forward sections of M seen in image a) of Figure 4.8. 
However, the air velocity magnitudes behind the horizontal sections of M near to the profile 
wall are low. This is expected since the expansion field behind these sections is weak. 
 
In image f) the air flow velocity in the focal region has decreased considerably. The reflected 
shock wave R continues to direct and feed the incoming air into M. The development of the 
Mach reflection of M with the profile wall is seen in image g). The Mach stem T turns the 
incoming flow and accelerates it along with T due to the expansion field behind the stem.  
The magnitude of the air flow behind much of M remains low, except behind T. Both images 
g) and h) show that air flow magnitude within the enclosed shear layers of B remain high 
after focus. The strong jet J along with large air velocities on the either side of the enclosed 
focal region, formed by shear layers B, are responsible for the development of the two 
vortices.  
 
A map of maximum V velocity history is illustrated below in Figure 4.15 for model 2. This 
image illustrates how the maximum upward velocity develops throughout the cavity flow 
interaction. Large upward velocities are developed along the profile wall of the inlet during 
the regular reflection of the incident shock wave; earlier descriptions have established that 
flow behind the reflection point relative to the wall is indeed supersonic. The velocities along 
the wall tend to increase into the red band of the colour map near the point where higher-
order fringes are observed behind the reflection point – these high velocities occur due to the 
strong expansion field behind the reflection point. Thereafter, the maximum upward 
velocities are sustained behind the triple point following the path of the shear layers S to the 
point of gas dynamic focus. This image shows the focal region by the absence of an upward 
air velocity component in this region - also seen in the vector plots above. The plot also 
illustrates the strong upward velocity near the triple point of R, P, and M that is sustained 
during the focus process. Thereafter, it decreases considerably from the yellow band in the 
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colour map to turquoise. Figure 4.15 also includes a map of minimum U velocity history 
illustrating the large horizontal air velocity magnitude behind the Mach stem P during focus. 
In addition, it indicates a small band of air flow, with a large velocity magnitude, exists on 
either side of the focal region. It is assumed that the strong upward flow of air near the 
intersection of R and M described above is redirected horizontally and accelerated due to the 
strong expansion field on either side of the focal region. The plot also indicates that post-
focus the horizontal velocities behind the Mach stem Q are quite high while the Mach stem 
remains short in length. Thereafter, they are severely attenuated. 
 
Figure 4.15: Left image illustrates a plot of maximum V velocity [m/s] history and the right image is a 
plot of the minimum U velocity [m/s] history for model 2 using CFD results. Note that the direction of 
positive V is flipped in the upper half of the right image since only the lower half of the flow field was 
simulated i.e. the upper half is a reflection of the lower half about the x axis. The Mach number is 
1.45. 
 
Images a) to f) below in Figure 4.16 show the development of the jet and vortices in the focal 
region post-focus. Note that these images indicate that at the start of gas dynamic focus a 
single shear layer is visible in the focal region that will diverge with the enlargement of the 
Mach stem. Since the expansion field in this area is relatively strong and non-uniform, along 
with its own inherent momentum, it is expected that this single shear layer will grow in 
length i.e. later time instants will give an impression that it is indeed longer that it was during 
the focal process. However, it is clear from the images and pressure measurements that a 
Mach stem does exist in this region along with a single visible shear layer. At the same time 
the shear layers B that enclosed the focal region bunch up like a concertina since they are 




Figure 4.16: Magnified images from test 33 of the shear layer developments in the focal region of 
model 2 visualized using direction-indicating colour schlieren. The Mach number is 1.44. Time 
differences between the individual frames are as follows: 28µs, 5µs, 11µs, 11µs and 17 µs 
respectively. The video frame rate is 180 kfps - see video 5. 
 
It is interesting that a jet driving this shear layer towards the cavity exit exists long after the 
focus process. It is understandable that a strong jet develops in-between the shear layers B 
that enclosed the focal region due to the large air velocities developed during focus behind 
the Mach stem P. Since the air in this region is enclosed by shear layers B it maintains its 
momentum for some time and is responsible for the two vortices that develop post-focus. The 
question remains as to what is driving the jet J especially considering that the air around it is 
largely stagnant; as discussed above the reflected shock R continues to supply and direct air 
toward the main reflected wave M thereby ensuring the air will be stagnant around focal area. 
The exact nature of the flow pattern in this region is unknown and will require high resolution 
experimental images or numerical simulations to resolve the issue. 
 
The development of the vortices seen at the end of the focal process appears to arise from two 
features: the rolling up of the shear layers at the second crossing of the shear layers B and the 
jet J driving the single shear layer through the shear layers B that enclosed the focal region. 
The maps of minimum U history and vector plots above illustrate that there is a significant 
and sustained velocity differential on either side of the shear layers B that enclose the focal 
region. It seems likely that the shear layer is drawn into the slowly moving air due to the air 
within the enclosed the focal region driving the shear layers aside where they originally 
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crossed for the second time. In addition, the single shear layer B along with the jet J drives in-
between the first crossing of the shear layers B and is caught within the high velocity air 
between the shear layers. It is rapidly accelerated relative to the adjacent shear layers into the 
two vortices. 
4.2 Standard focus mechanism - focus topology B variation 
This subsection will explore the interesting variations in focal topology (standard focus 
mechanism is still exhibited) that occur in model 3 across the Mach number range. The wall 
reflection characteristics and velocity profile will be examined. 
4.2.1 Wall reflection characteristics 
The initial engagement of the incident shock wave and model 3 results in a regular reflection 
at the wall illustrated below in Figure 4.17– a weak corner signal is also visible between R 
and the wall. As the incident shock wave reaches the reflector portion of the compound 
profile the reflection changes to a TRR consisting of the shock waves R, F, W and I and a 
very weak shear layer S seen in frame b) – see digital appendix for higher resolution image. 
Thereafter, the incident wave I being fully reflected from the base of the profile two Mach 
reflections develop, from either end of model 3, consisting of the shared Mach stem F and 
reflected waves R and W as seen in frame c). 
 
 
Figure 4.17: Pre-focus engagement of an incident shock wave of Mach 1.34 with model 3 using 
schlieren photography. Calibration image inset in image a). Time differences between the individual 
frames are 36µs and 44µs respectively and the video frame rate is 250 kfps. See video 6. 
 
In frame a) of Figure 4.18 the two triple points have met on the centre line of the cavity 
initiating focus. The wall shocks have reflected off each other and have darkened 
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considerably and a new Mach stem P is visible in the focal region developing shear layers B 
in its wake. In frame c) gas dynamic focus is complete with the crossing of the reflected 




Figure 4.18: Gas dynamic focus of an incident shock wave of Mach 1.34 with model 3 visualized 
using schlieren photography. Calibration image inset in image a). The time difference between the 
individual frames is 24µs and the video frame rate is 250 kfps. See video 6. 
 
 
Figure 4.19: Post-focus wave behaviour illustrating the variation of the focus pattern B for model 3 
visualized using schlieren photography. The Mach number of incident shock wave is 1.34. Time 
differences between the individual frames are 36µs and 64µs respectively and the video frame rate is 
250 kfps. See video 6. 
 
Frame a) of Figure 4.19 illustrates the development of a new Mach stem Q – see inset wave 
diagram in frame a) – with shear layers B developed from either end of the Mach stem. 
Interestingly in b) the reflected shock waves R cross again developing a new Mach stem V. 
The double crossing of the shear layers B is clearly visible in frame c) where the Mach stem 
V has significantly enlarged. The shear layers B in the focal region have started to bunch up 
forming an interesting pattern on either side of the focal region. This triple crossing has not 
been observed before and illustrates the non-linear effects at play between the motion of the 
reflected shock R and the centre line Mach stem. It would be expected that once the reflected 
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shocks have crossed they would remain crossed thereafter. However, in this case the velocity 
of the centre Mach stem increases relative to the convergence of the reflected shocks R and 
permits the development of Mach stem V thereby preventing another crossing of the reflected 
shock waves R. Technically the focus topology in this instance is Type B since the extra 
crossing does not occur during the focus process but it does show that variations of the wave 
patterns of a Type B focus are possible. 
 
Variation of focus topology over the Mach number range 
 
Model 3 has at least one or even two transition Mach numbers between focus topologies as 
seen in image Figure 4.20 below. Frame a) illustrates a variation of type B – or possibly a 
new focus type – at Mach 1.2 in profile C where the case of a single shear layer is visible in 
the focal region. Frame b) of Figure 4.20 shows the D type focus topology present at Mach 
1.45. Interestingly, the shape of the shear layers B show that the Mach stem P does reach a 
point where it diminishes in length for a short period of time and thereafter it enlarges 
preventing any crossing of the reflected shock waves R. 
 
Figure 4.20: Image 55 illustrates the focus topology for 1.2sM   using schlieren photography. 
Image b) is a numerical interferogram illustrating the focus topology for 1.45sM   using the CFD 
results. See video 7. 
 
The maps of maximum pressure amplification history across the Mach number range show 
small differences between the various focus topologies as illustrated below in Figure 4.21. 
Peak pressure amplification does increase with Mach number along with the extent of 
pressure regions in the focal region. The latter occurs since the Mach 1.34 and 1.45 cases 
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have larger finite and semi-finite focal regions respectively. In addition, significant pressure 
amplifications also occur on either side of the focal region behind the main reflected wave M. 
 
 
Figure 4.21: Maps of maximum pressure amplification history for  (left) 1.35sM 
(middle) and  (right) for model 3. Pressure normalized with respect to pressure P0 behind 
the incident shock wave. 
4.2.2 Velocity profile 
Air velocity vector plots for model 3 at Mach 1.45 are illustrated below in Figure 4.22 and 
Figure 4.23 showing the progression of the cavity flow interaction. A regular reflection of the 
incident shock wave directs incoming air up the profile wall as seen in image a). As in model 
2, the magnitude of the air velocity reaches a peak behind the reflection point where its 
magnitude exceeds that of the incoming air behind the plane shock wave. Prior to focus the 
upward flow of air near the triple point of the Mach reflection remains strong. In contrast, the 
resultant air flow magnitude behind the reflected shock wave F and behind sections of W 
closest to wall remain quite low - see image b).  
 
The shock system moves on to focus forming the Mach stem P were the peak air flow 
velocity occurs behind the large Mach stem seen in image c) due to a strong expansion field 
behind M and especially P. The reflected shock R continues to decelerate and redirect the 
incoming air into M especially near the triple point of R, P and M. This strong upward flow is 
then turned behind M toward the cavity exit but remains directed upwards toward the triple 
point of Mach stem P. This process continues until image e) where the flow adjacent to the 
focal region behind M is directed horizontally and looses it upward velocity component. This 
is in part due to the change of angle between shocks M and R and the weakening and shifting 






Figure 4.22: Air velocity vector plots superimposed onto interferometry images for model 3 with
1.45SM  . Vectors are scaled and coloured according to their resultant magnitude measured in the 
laboratory frame of reference. Time differences between the frames are as follows: 44µs, 12µs and 





Figure 4.23: Air velocity vector plots continued illustrating the development of the flow behind the 
Mach stem Q in model 3 for 1.45SM  . Time differences between the frames are as follows: 10µs, 
20µs and 60µs respectively. See video 8 and video 9 (focal area magnification). 
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The horizontal flow behind the Mach stem P diminishes in magnitude as seen throughout the 
progression as the expansion field diminishes in strength - see images f) and g). However, the 
air flow magnitude remains strong in the focal region when compared to other areas for quite 
some time. In image h) the Mach stem P increases in length corresponding with a reduction 
in strength of the air flow behind the stem. Interestingly, the air flow magnitude behind R has 
decreased slightly (when compared to images c to g) near the intersection of R and P from 
earlier images.  
 
The variation of the minimum U velocity histories between the B and D type focal topologies 
in model 3 are shown below in Figure 4.24. Both types illustrate a strong expansion in the 
focal area inducing large horizontal velocities along with a large velocity differential across 
the shear layers B that enclosed the focal region.  
 
 
Figure 4.24: Plots of minimum U velocity [m/s] history at  (left) and  (right) 
for model 3.  
 
For the Mach 1.35 case the flow behind the Mach stem Q (developed between the second and 
third crossing of the shear layers B) interestingly is lower in magnitude than the flow behind 
Mach stem V (developed after the third crossing). That said the expansion field is rapidly 
attenuated after focus for a B type focus topology. However, in the Mach 1.45 case (D type 
focus topology) the expansion field behind the Mach stem P is sustained well beyond the 
cavity entrance along with a considerably larger focal region.  
 
1.35sM  1.45sM 
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Plots of maximum V velocity history, illustrated below in Figure 4.25, for both Mach 1.35 
and Mach 1.45 are identical in pattern however the velocity magnitudes are larger for the 
higher Mach number. Interestingly, in the Mach 1.35 case the dissipation of the upward flow 
adjacent to the focal region appears to correspond with the weakening of the compressive 
flow field adjacent to R and preceding M. This occurrence seems likely to occur in the Mach 
1.45 case as well. Of particular interest are the contours adjacent to the shear layers B that 
indicate, along with the air velocity vector plots above, strong upward velocities into the 
shear layers that enclose the focal region. Considering the large upward flow near the shear 
layers it is possible that this air is entrained into the shear layers in this region after they are 
generated from the triple points of the Mach reflection. 
 
 
Figure 4.25: Plots of maximum V velocity [m/s] history at (left) and (right) for 
model 3. 
4.3 Multiple gas dynamic foci 
This subsection describes a new complex shock focus mechanism found in model 4 which 
has not been documented in literature thus far. This section will explore: the initial 
engagement of the plane shock wave with the profile; the new focus mechanism; the post-
focus shock wave behaviour and the velocity profile in both the cavity field and in the focal 
region. This section will also examine the capabilities of the CFD code to resolve the shock 
wave structures and shear layers involved during and prior to focus in a confined area. 
1.35sM  1.45sM 
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4.3.1 Initial engagement 
The initial interaction of a plane shock wave with model 4 differs from the two profiles above 
as illustrated in Figure 4.26. The incident shock wave undergoes a Mach reflection consisting 
of the shock waves I, R and H with shear layer L. The Mach reflection is direct where the 
curved stem continues to grow in length as the incident shock wave propagates further into 
the cavity - its termination is approximately perpendicular to the profile wall. Frame b) and 
frame c) of Figure 4.26 show that this Mach reflection persists right to the base of the profile. 
Frame b) appears to be the point at which the reflection changes from direct to an indirect 
form of the Mach reflection. As the Mach stem H shortens the wave becomes less curved. 
The section of R near the triple point appears to darken – indicating it has exceeded the 
measurement range of the direction indicating colour schlieren system – as compressions 
from the wall combine on the reflected wave R near the triple point. Due to the higher depth-
to-aperture ratio of this profile the reflected shock waves will cross, as seen in frame c), prior 
to gas dynamic focus. 
 
 
Figure 4.26: Initial engagement of incident shock wave 1.36sM   with profile 4 visualized using 
direction-indicating colour schlieren. Calibration image inset in image a). Time differences between 
the individual frames are 67µs and 33µs respectively and the video frame rate is 330 kfps. See video 
10. 
 
Figure 4.27 to Figure 4.29 illustrate the variation of the pressure profile behind the Mach 
reflection as it progressed to the base of the profile. Figure 4.27 shows that Mach stem H 
generates a fairly steep pressure rise followed by a small expansion thereafter. Figure 4.28 




Figure 4.27: CFD point pressure trace taken at the Mach stem H of the Mach reflection with model 4 
for 1.34SM  . 
 
 
Figure 4.28: CFD point pressure trace taken at the reflected shock wave R of the Mach reflection with 




The first pressure jump of Figure 4.28 corresponds to the passing of the incident shock wave. 
Thereafter, a small compression arises due to the passing of the reflected shock. The pressure 
continues to rise most likely due to a compressive field behind R. Figure 4.29 measures the 
pressure behind the Mach stem H as it continues to shorten as the incident shock wave 
reaches the base of the profile. The Mach stem H results in a significantly larger pressure rise 
than compared with the rise seen in Figure 4.28 – clearly the strength of the compressive field 
behind the stem has increased. Thereafter, the pressure drops due to an expansion field 




Figure 4.29: CFD point pressure trace taken at the Mach stem H of the Mach reflection with model 4 
for 1.34SM  . 
 
Figure 4.30 below shows a magnified view of the base of the cavity visualized using 
shadowgraph. In image 28 the reinforcement of compressions from the profile wall are 
clearly visible in the area behind the triple point. These compressions translate up the 
reflected shock wave R resulting in a kink in R. While the Mach stem H continues to shorten 
the shock system moves closer to the centre line of the profile. Eventually the Mach stem 
disappears, as seen in image 43 while the kink has developed a sharp discontinuity in the 
slope of R indicating the formation of a new shock wave that is horizontal in this image. Due 
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to the rapid changes that occur in the shock geometry this shock wave is not labelled since its 
shape rapidly changes over a short period of time – of the order of 10µs. It seems likely that 
the strong compressive field behind R develops the kink in order to satisfy the rapidly 




Figure 4.30: Shadowgraph images illustrating the development of the incident Mach reflection as it 
reaches the base of model 4 for the incident shock wave 1.34sM  . Time differences between the 
individual frames are 10µs and 5µs respectively and the video frame rate is 1000 kfps. See video 11. 
 
Frame a) of Figure 4.31 below illustrates how the unlabelled shock wave is rapidly curved as 
the compressions from the wall continue to build behind R exceeding the measurement range 
of the shadow system. At this stage the incident shock wave has disappeared as it reflects 
from the base of the profile. The pre-focus arrangement of the shock system, seen in frame b) 
and frame c) of Figure 4.31, illustrates a new arrangement not described in literature thus far. 
The reflection pattern appears to have changed from an inverse Mach reflection to multiple 
sets of Mach reflections. The first set as seen in models 2 and 3 consists of: the reflected 
incident shock wave F, the wall shock W and the reflected shock wave F1 (in the cases above 
this would be the reflected shock wave R) and shear layer S. The second set of Mach 
reflections consists of: the reflected shock waves F1, the reflected shock waves R, the circular 
reflected shock waves G and the shear layers S1. Adjacent to G on the reflected wave R are 
strong compressions which appear, over the last few images, to strengthen; at this stage they 




Figure 4.31: Arrangement and development of the new shock system pre-focus in model 4 visualized 
using shadowgraph for 1.34sM  . Time differences between the individual frames is 4µs 
respectively and the video frame rate is 1000 kfps. See video 11. 
 
Frame c) illustrates the last stage of the pre-focus arrangement where the now plane reflected 
shock F has shortened and the nearly plane wall shocks W approach focus. It appears that two 
sets of distinct compression are responsible for the pre-focus arrangement: the first set arises 
due to sections of the wall when the incident shock wave becomes an inverse Mach reflection 
and the second set arises from the base of the profile once the incident shock wave is fully 
reflected from the profile. Note that the strong compressions that appeared to terminate on R 
(see frames a, b, c of Figure 4.30 and frame a of Figure 4.31) have now detached from R, as 
seen in frame c); in section 2.5.2 the compressions from the wall were shown to terminate on 
and were limited by the motion of the reflected shock wave R. In this case the compressions 
that terminated on R have formed into a shock wave and R translates, after frame b) of Figure 
4.31, independently of this new shock wave (labelled as K below in Figure 4.32). However, 
since the exact interaction of this new shock wave with the reflected wave G is not clear (see 
frames a to c of Figure 4.31 and observer how it rapidly changes direction) the reflection 
pattern can not be defined. High resolution studies using a flow visualization system with a 
larger measurement range will be required to ascertain the exact interaction between G and K 
and the progression of K.  
4.3.2 Gas dynamic focus 
The rapid gas dynamic focus for model 4 is illustrated below in Figure 4.32 using both 
shadowgraphs and wave diagrams. Due to the close proximity and the large number of the 
features that occur in a very small area labels are only introduced in the first wave diagram. 
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Shear layers and their associated triple points have been colour coded to permit a clear view 
of the flow field during focus. It was noted above that the reflected shock wave detached 
from the compressions. The consequence of this behaviour has resulted in additional triple 
points and shear layers S2 – see inset image in frame a).  
 
This new focus mechanism appears to involve the focus of three triple points on the centre 
line of model 4. The first focus, seen in frame a), occurs at the intersection of the triple points 
generating shear layer S (colour coded red in the wave diagram). This focus is well known 
and has been seen in literature and the profiles above. A second focus, occurs at the 
intersection of the triple points generating shear layer S2 (colour coded blue in the wave 
diagram) that most likely occurs in frame b). A third and final focus occurs, when the triple 
points generated from shear layer S1 (colour coded green in the wave diagram) coincide on 
the centre line; this focus occurs somewhere between frames c) and d). Due to the unknown 
nature of the shock wave and or compressions adjacent to G and R they are denoted by dotted 
lines in the wave diagrams and labelled K.  
 
 
Figure 4.32: Progression of gas dynamic focus in model 4 using shadowgraph. Wave diagrams below 
illustrate the multiple foci that occur during the focusing process. Shear layer labels are absent in 
diagrams due to the close proximity of the various features. The video frame rate is 1000 kfps and the 




Interestingly, the focus of the triple points of shear layers S and S1 appear to coincide with the 
generation of a weak cylindrical wave that travels from the focal area to the base of the 
profile – these are best viewed in the video for this test. Both the first and second focus 
produce a single wave; this occurrence is also visible in the Mach 1.45 case for model 2. It is 
apparent that this wave is weak and consequently the flow visualization system will only 
resolve it in the higher Mach number cases; the wave that occurs after the first focus has been 
highlighted in red in frame c). These weak waves are shown to reflect off the base of the 
profile and bunch up behind the reflections of the main reflected wave with the profile wall – 
see Figure 4.36 below. Note that the exact location of the second focus cannot be identified 
by the shear layer patterns in the focal region since these shear layers are entrained along the 
centre line due to the strong expansion behind the last set of triple points – see wave diagram 
below frames b) and c).  
 
Once again the first focus and third focus appear to produce a single shear layer along the 
centre line of the cavity as illustrated in the wave diagram above. However, it is expected that 
should a shear layer exist then a Mach stem must be present illustrated in the wave diagram 
below frame b); the wave diagrams thereafter do not illustrate a Mach stem. The question 
remains what happens to this Mach stem between the first and third foci. It seems likely that 
it is absorbed into the Mach stem V formed as part of the Mach reflection with waves G and 
M.  
 
The map of maximum pressure amplification history, seen below in Figure 4.33, indicates 
large peak pressure amplification in the small focal region that are likely to occur with each 
focus and behind a likely Mach stem developed after the first focus. However, this study does 
not have the resolution to make a final conclusion on this matter and will require additional 
high resolution studies to ascertain the exact nature of the shock waves in the focal region 
after each focus. That said, this focus mechanism produces substantial focal pressure 
amplification at focus which are considerably larger than those observed from the standard 







Figure 4.33: Maps of maximum pressure amplification history for model 4. Inset images a) and b) 
illustrate pressure amplification at the start of focus. Image c) illustrates an enlargement of the focal 
area of the final history map. The time differences between inset images are 2µs and 274µs 
respectively. Pressure normalized with respect to pressure P0 behind the incident shock wave
1.34sM  . 
 
CFD results for multiple gas dynamic foci 
 
Computational results illustrate a similar pre-focus arrangement of the shock system as 
illustrated in the left image of Figure 4.34. The CFD code does not resolve the additional 
shear layer S1 or S2 for that matter (despite showing the reflected shock R is detached from 
the compressions G). However, the right image of Figure 4.34, does illustrate two sets of 
shear layers, S1 and S, intersecting their counterparts on the centre line after the focus. It 
seems likely that shear layers S1 and S2 are considerably weaker than S pre-focus and shear 
layer S2 post-focus. The Flow Euler code refines the mesh based on the density gradient error 
within a cell in relation to user-defined value of the maximum density gradient error present 
in the mesh. Therefore, weak features may not be resolved when strong density gradients 




Figure 4.34: Numerical interferograms illustrating CFD’s prediction for the focus topology for model 
4 for 1.34SM  . Left image illustrates the pre-focus arrangement. Right image illustrates the shear 
layer pattern in the focal region. The time difference between the frames is 12µs. 
 
 
Figure 4.35: Numerical shadowgraph (left) and schlieren (right) images of the focal region of model 4 
at 1.34SM  prior to focus. Note that the schlieren knife edge is aligned vertically (i.e. density 
gradients are measured in the horizontal direction only). 
 
That said it is expected that a high level of mesh refinement already occurs in this area, if not 
the highest. This would imply that either the mesh does not have the resolution to resolve 
these shear layers or the shear layers are so weak that they are of the order of the noise in the 
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solution and are simply lost. To ensure that the flow visualisation method was not at fault a 
shadowgraph and a schlieren image of the focal region are included and shown in Figure 
4.35. Both methods do not resolve the additional shear layer and as mentioned in section 
3.5.3 tend to amplify the noise - this is especially true when the sensitivity of either system is 
increased.  
 
It is also found that the Flow Euler code does not always resolve ‘weak’ shear layers behind 
Mach reflections (for instance the shear layer L was not resolved behind the incident Mach 
reflection in model 4) irrespective of mesh resolution or changes in the user-defined value for 
the maximum allowable density gradient error; these observations were also confirmed using 
both interferometry and schlieren flow visualisation measurements across a few different 
cases. Therefore, it appears that the Flow Euler code is at fault and is insufficient to resolve 
weak shear layers. Hereon reflection patterns involving three shock waves and no visible 
shear layer will be referred to as a three shock reflection pattern hereon. Further studies using 
an alternate CFD code where a different criterion for the mesh adaptation is applied are 
recommended. Alternatively, experimental studies would be more than suitable to resolve the 
shear layers in profiles where the focal region is small. 
4.3.3 Post-focus wave behaviour 
The post-focus behaviour, in some aspects is quite similar to that seen in the profiles above. 
The wall shocks have formed the main reflected wave M seen below in frame a) of Figure 
4.35. The forward section of M has appeared to form a Mach reflection with the reflected 
wave G forming two trailing shear layers that continue from shear layer S1 – weak 
compressions are seen to precede the main reflected wave M. In addition, the intersection of 
the reflected shock wave R with M generates an additional shear layer N labelled in frame c) 
and in the last wave diagram of Figure 4.32 (orange shear layer). It appears that the reflected 
wave G, originally formed from compressions from the profile wall, weakens along with the 
compressive field in front of M resulting in the loss of the shear layers behind M. Frame c) 
also illustrates the interaction of the weak waves generated from each focus with M. These 
waves are hereon referred to as focus waves. Note that the shear layers S near the base of the 
profile roll up forming two vortices. In addition, the crossing of shear layers N with shear 
layers S1 develops small vortices on S1. A rearward jet also develops at the intersection of 




Figure 4.36: Post-focus wave behaviour for model 4 illustrated using shadowgraph for 1.34SM  . 
Time differences between the individual frames are 3µs and 23µs respectively and the video frame 
rate is 1000 kfps. See video 11. See wave diagram in Figure 4.32 for the labelling of shear layers. 
 
 
Figure 4.37: Development of jets and shear layers in the focal region of model 4 for 1.36SM 
visualized using direction-indicating colour schlieren. The time difference between the individual 
frames is 30µs and the video frame rate is 330 kfps. See video 10. 
 
The final development of this highly complex shear layer pattern is seen above in Figure 4.37 
using direction-indicating colour schlieren flow visualization. These images show the 
development of the rearward facing jet between the intersection of shear layers S and the 
development of vortices adjacent to the base of the profile. These continue to roll up the shear 
S and sections of L as the vortices are drawn away from the base of the profile. 
Simultaneously the single shear layer in the focal region drives between the intersection of 
shear layer S1 forming an additional set of vortices from a combination of the centre line 
shear layer and S1. In addition, the relatively weak vortex formed at the crossing of shear 
layer S1 with N continues to develop. Kelvin Helmholtz instabilities occur on shear layer L 
and are most likely triggered with the crossing of shear layer N with L. Of interest is the 
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colouring of the area between shear layers L (light and dark blue respectively) and the profile 
wall. These colours appear to indicate density gradients with a stronger horizontal component 
than vertical where the vertical gradient is directed upwards in the top section and downward 
in the bottom section of the profile. This expansion may be a result of the expansion behind 
the Mach stem of the Mach reflection of M with the profile wall.  
4.3.4 Velocity profile 
Air velocity vector plots are illustrated below from Figure 4.38 to Figure 4.40 for model 4 at 
Mach 1.35. Images a) through to d) show the development of the Mach reflection as it 
progresses to the base of the profile. The first image shows the air velocity magnitude behind 
the Mach stem is larger than that behind the reflected wave R as expected. The difference in 
velocity between these two areas appears to increase as the Mach reflection reaches the base 
of the profile. In addition, the air velocities behind the Mach stem are substantially larger 
than the air flow magnitude behind the incident shock wave. 
 
In image e) of Figure 4.39 the Mach reflection is indirect where the Mach stem has shortened 
considerably. Resultant air flow magnitude behind the stem is in the region of 460 m/s. The 
pre-focus wave configuration is shown in image f). The air flow magnitude behind the wall 
shocks (W) and the reflected shock wave F1 have decreased relative to the peak air flow 
magnitudes recorded behind the Mach stem but remain high.  
 
In image g) the shock system nears focus and clearly illustrates how airflows from behind F1, 
R and in front of F are all directed toward the first focal point as seen in image h) resulting in 
substantial focal pressures. Unfortunately the start of gas dynamic focus is not clear due to 
the limited resolution in the focal region. In image i) the shock has come out of focus where 
the main reflected wave M entrains air away from the focal region. A Mach reflection of M 
with the profile wall has also occurred. The airflow magnitude behind this Mach stem is 
considerably larger than that behind M. This is most likely due to a strong expansion field, as 
seen in model 2, behind the Mach stem. As seen in the profiles above the steady incoming air 
flow allows the air flow to be nearly stagnant around the focal region. Air flow magnitudes in 
the focal region (seen in image i to l) remain high and are responsible for the formation of the 





Figure 4.38: Air velocity vector plots superimposed onto interferometry images for model 4 with
1.34SM  . Vectors are scaled and coloured according to their resultant magnitude measured in the 
laboratory frame of reference. Images illustrate the pre-focus behaviour. Time differences between the 





Figure 4.39: Air velocity vector plots superimposed onto interferometry images for model 4 with
1.34SM  . Vectors are scaled and coloured according to their resultant magnitude measured in the 
laboratory frame of reference. Images illustrate the pre-focus behaviour and gas dynamic focus. Time 





Figure 4.40: Air velocity vector plots superimposed onto interferometry images for model 4 with
1.34SM  . Vectors are scaled and coloured according to their resultant magnitude measured in the 
laboratory frame of reference. Images illustrate the post-focus behaviour. Time differences between 




Plots of minimum U velocity history in Figure 4.41 illustrate minimum values of U in the 
focal region, presumably behind the Mach stem, that occur during the focal process. 
However, the focal region is very small and of a very short duration when compared to the 
focal regions seen in the profiles above. These characteristics result in fairly large values of 
minimum U. In addition, large values of minimum U velocities are recorded behind the Mach 
stem of the Mach reflection of M with the profile wall. These occur as a result of the strong 
expansion behind the Mach stem. The right image of Figure 4.41 shows the maximum V 
history. This plot illustrates that maximum V values are developed at the base of the profile 
behind the shortening Mach stem H and behind the triple point developing shear layer S. The 
magnitude of the air velocities in this region are substantial and are expected due to the rapid 
convergence of the shock system in a very small area.  
 
 
Figure 4.41: Left image illustrates a plot of minimum U velocity [m/s] history at 1.34SM  for 
model 4. Right image illustrates a plot of maximum V velocity [m/s] history at 1.34SM   for model 
4. 
4.4 Conclusions and recommendations 
The results above have shown that the cavity flow field involves a complex interaction of 
shock waves along with compression and expansion fields that trail them. Though section 
four covered three different concave profiles numerous similarities are observed in the flow 
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field patterns across all three. This section aims to summarise these findings in order to 
provide an overall understanding of the fluid mechanics of the flow field. 
4.4.1 The development of the reflected shock wave R 
The compressions from the wall have been shown to not only form the reflected shock wave 
R but the manner in which they convect will affect how the strength of the reflected shock 
wave R varies both along R and with time; comparisons of the pressure traces from model 2 
at two different points along the reflected shock wave at the same time instant confirm the 
varying strength of the wave. Shearing interferograms have indicated that this compression 
system adjacent to the Mach reflection F, R and W continues to steepen as the triple points of 
the Mach reflections move towards focus. This convection of the compressions also affects 
the shape of the reflected wave R where it was shown that the curvature of the wave changes 
during focus thereby completing the focal process. This compression system effectively 
shapes the sections of R adjacent to the Mach stem P where R is shown to direct incoming air 
towards the focal region; velocity vector plots along with maps of maximum V velocity 
history for model 2 indicate that a strong upward flow of air occurs adjacent to the focal 
region during focus. It appears this air is entrained into the shear layer that encloses the focal 
region and may be responsible for the sustained momentum of the shear layers seen after 
focus. 
 
The shearing interferograms also indicate expansion fields that trail R. For instance a 
shearing interferogram in combination with a pressure trace (Figure 4.2) has confirmed the 
expansion field developed behind the reflection point of the initial regular reflection of the 
incident shock wave in model 2. Maps of maximum V velocity history illustrate the large 
upward flows that occur at the profile wall. The Mach number plots (Figure 4.3) show that 
the flow travels supersonically relative to the reflection point. The increase in fringe order 
appears to indicate the point at which a transition occurs from regular reflection to a TRR. A 
similar occurrence is seen in the post-focus wave behaviour (see Figure 4.11 frame A) where 
a weak expansion occurs behind the regular reflection point prior to a transition to a Mach 
reflection. 
 
In contrast to compound model 2 the development of the reflected shock wave R and its role 
in the focal process is quite different in model 4. Model 4 produces a Mach reflection of the 
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incident shock wave at the profile wall due to the shallow entrance of the profile. The 
pressure trace of Figure 4.28 illustrates the weak compression field behind the reflected shock 
wave R. The pressure trace of Figure 4.27 indicates that a weak expansion occurs behind the 
Mach stem H of the Mach reflection. The strength of this expansion and the Mach stem H is 
shown to increase dramatically as the Mach reflection nears the base of the profile as 
illustrated in Figure 4.29. Velocity vector plots and maps of maximum V velocity indicate 
substantial velocity magnitudes developed behind the Mach stem H. 
 
As seen in model 2 the compressions developed by the profile wall shape sections of R where 
the compressions are closely spaced. Frame b) of Figure 4.30 illustrates how the 
compressions build up near the triple point of the Mach reflection as the incident shock 
progresses further into the profile. These build up to a crescendo as the Mach reflection nears 
the base of the profile where R becomes kinked and a new set of shock waves are formed 
from the compressions. These shocks are shown to arise due to the rapidly changing 
boundary conditions near the base of the profile. Subsequent frames from the pre-focus and 
focus results show that R is less influential on the focus process than what was observed in 
model 2 with the standard focus mechanism. 
4.4.2 Pre-focus shock wave behaviour: Expansion fields 
Interestingly a weak expansion field was identified behind the triple point of the Mach 
reflection of shock waves F, R and W seen in model 2. The shearing interferograms of Figure 
4.4 (frame B) in combination with the pressure trace of Figure 4.5 confirm a weak expansion 
field behind the triple point. Maps of maximum V velocity history also indicate that large 
upward velocities are developed behind the triple point of the Mach reflection as it proceeds 
to focus.  
4.4.3 Focus mechanisms and their resulting flow field 
4.4.3.1 Standard focus mechanism 
The standard focus mechanism observed in model 2 has been studied in detail in terms of 
both shock wave geometry and the flow field developed within the focal region; this 
mechanism is the only one exhibited in test cases observed in current literature. The pre-focus 
wave geometry consists of two Mach reflections which focus on the cavity centre line. 
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Thereafter a Mach reflection develops consisting of: the Mach stem P; the main reflected 
wave M; the reflected shock wave R and the shear layer S. High order fringes behind the 
Mach stem P observed during focus are vertical implying strong horizontal gradients within 
the flow. These correspond well with the large horizontal velocities developed behind the 
Mach stem P as indicated by the velocity vector plots and the maps of minimum U velocity 
history in the focal region.  
 
The vertical fringes in the focal region have been shown to become horizontal near their 
intersection with the main reflected shock wave M. This indicates that the horizontal 
expansion of the flow behind the main reflected shock wave M is non-uniform as expected. 
Results indicate that the strength of the horizontal expansion behind the main reflected wave 
M decreases when moving along M towards the profile wall i.e. as you move away from the 
triple point of the Mach reflection. This occurrence is confirmed by the velocity vector plots 
which indicate a lower resultant velocity magnitude behind the remaining sections of M. 
These measurements correlate quite well with the observed shape of M which appears to 
translate at greater speeds toward the cavity exit than the side sections of M. 
 
As discussed above velocity vector plots and maps of maximum V velocity history illustrate 
how the incoming air behind R is directed towards the triple point near the Mach stem P. This 
is the first time the behaviour of R has been studied in detail along with its role in the 
standard focus mechanism. The reflected shock wave R can be appreciated in terms of: how 
air is directed towards the focal region during focus; how the curvature of R varies during the 
focal process and how its curvature near the focal region affects the beginning and ending of 
gas dynamic focus. 
 
The B type focal topology described by Sturtevant and Kulkarny (1976) were observed 
across the Mach number range for model 2. Model 3 illustrates some interesting variations of 
the B type focal topology: a triple crossing of the triple points occurred at Mach 1.34 
illustrating the interesting non-linear effects at play between the motion of R and the centre 
line Mach stem. Model 3 was also interesting in that both a B type variation and a D type 
variation were observed across the Mach number range. At this stage the exact nature of the 
type B focal topology (observed in conjunction with the standard focus mechanism) where a 
single shear layer appears in the focal region is unclear. Experimental images indicate a Mach 
stem and pressure measurements indicate peak pressure amplifications behind the stem. It 
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seems likely that the image resolution is insufficient or the features are of the order of the 
shear of the interferometry system. High resolution experimental and numerical studies are 
recommended to resolve this issue.  
4.4.3.2 Multiple gas dynamic foci 
The results above have also illustrated for the first time that multiple foci are indeed possible 
during focus and that this new focus mechanism will produce substantially higher peak 
pressure amplifications than those observed in the standard focus mechanism. The focus 
mechanism includes at least three Mach reflections which focus in a confined area in rapid 
succession on the profile centre line. These additional Mach reflections form as a result of the 
strengthening of two sets of distinct compressions: the first set forms on the reflected shock 
wave R near the triple point of the Mach reflection and second set forms from the base of the 
profile. Due to the confined area of focus the exact nature of the shock waves within the focal 
region is unknown. High resolution numerical or experimental studies are recommended to 
ascertain the exact nature of the shock wave behaviour within the focal area. It is 
recommended that a CFD code capable of resolving weak shear layers will be best suited for 
examining the focus process. 
4.4.4 Post-focus flow field 
Both model 2 and model 4 have shown that an expansion field develops behind the Mach 
stem of a Mach reflection; a compression field forms the reflected shock wave of the Mach 
reflection. In the case of the Mach reflection of the main reflected wave M with the wall of 
model 2 (post-focus wave behaviour) shearing interferograms illustrate an expansion behind 
the Mach stem T. These indicate the extent of the expansion which is far larger than 
expected. They also illustrate the complex nature of the flow behind the Mach reflection and 
in particular the Mach stem; the fringe distribution right behind the Mach stem T is non-
uniform varying in strength as the Mach stem enlarges.  
 
Shearing interferometry has also provided a clear indication of areas of stagnation behind M 
which are in fact transient as seen in model 2. These images along with the velocity vector 
plots clearly show that incoming air flow permits near stagnation conditions to prevail in 
certain areas behind M. This behaviour is observed across all the models due to the nature of 




This detailed analysis of only three profiles illustrates the sheer complexity of cavity flows. It 
also illustrates the benefits of combining quantitative experimental and computational 
approaches to explain the nature of a complex two-dimensional flow field. Though three 
different profiles exhibiting different focus mechanisms were examined there are numerous 
phenomena which are observed across all the profiles. The results have shown that depending 
on bluntness of the profile either a Mach reflection (shallow entry) or a regular reflection 
(blunt entry) will be observed. The reflected wave of either reflection pattern forms as a result 
of compressions developed by the profile wall. Compressive fields are observed behind the 
sections of the reflected shock wave; weak expansions may occur on sections of the reflected 
wave away from the reflection point. In both reflection cases an expansion field will be 
observed behind the stem (Mach reflection) or the reflection point (regular reflection) whose 
strength will increase as the wall angle increases (as seen by the incident shock wave). In 
addition, the pressure rise observed across the stem will increase.  
 
The focus mechanism has been found to be dependent on the depth-to-aperture ratio. Depth-
to-aperture ratios below 0.75 favour the standard focus mechanism. Ratios of 0.75 favour the 
multiple-foci mechanism. The multiple foci mechanism tends to produce a rapid focus in a 
confined area producing significantly higher peak pressure amplifications than what was 
observed in profiles with a lower depth-to-aperture ratio. The standard focus mechanism 
tends to produce larger focal region of a B or D type focal topology. In addition, the size of 
the peak pressure amplification area tends to be a lot larger.  
 
Regardless of the focus mechanism a main reflected shock wave will be formed. Depending 
on the focus mechanism and length of focus a strong horizontal expansion will be observed in 
the focal region. In general an expansion will be observed behind the main reflected shock 
wave. The expansion tends to be stronger near the cavity centre line and will tend to decrease 
along M with increasing distance from the profile centre line. This expansion field will 
weaken as the reflected wave expands and propagates toward the reflector exit. Areas of 
stagnation will occur in the regions adjacent to the focal region and areas near the base of the 
profile. This will occur since the main reflected wave redirects incoming air from the shock 
tube (generated by the moving normal shock wave) back into the tube i.e. it does not need to 
draw air from the base of the profile. 
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5 VARIATION OF PRINCIPAL 
FLOW FEATURES - RESULTS 
AND ANALYSIS 
The previous section provided an in-depth assessment of the both the shock wave 
configurations during the cavity flow interaction and the flow fields developed in their wake. 
With this knowledge variations in the principal flow features are examined numerically as a 
result of changes in profile geometry and incident shock wave strength.  
 
This section is split into 3 results subsections and one conclusion subsection. The first 
subsection will examine variations in focus topology for a range of pure elliptical, pure 
weighted-catenaries and pure parabolic profiles over the Mach number range. The second 
subsection will examine modifications of the new focus mechanism by considering pure 
reflector profiles with depth-to-aperture ratios greater than model 4. The third results 
subsection will consider the effect of circular inlets on the focus topology and focus 
mechanism. All of the results subsections will consider the shock wave reflections observed 
across the interaction. They will also consider the effect of profile shape on the shock wave 
induced pressure distributions. Conclusions and recommendations follow in the final 
subsection. 
 
The Mach number range for the numerical tests lies between 1.2 1.45SM  . Ambient air 
pressure and density for the simulations are 101 300 PaambP   and 31.225 kg mamb  
respectively. Image scale is provided for each figure in one of the image frames. If an image 
contains a number of frames with different scaling this will be indicated. Images for each test 
are also provided should the printing resolution of the image be insufficient. Frame numbers 
for each image within the figure are provided for reference purposes. These frame numbers 
correspond to the file name of the respective image in the digital appendix. The digital 
appendix contains videos and images referred to in the image captions below – see the Excel 
file “Table of Contents”.  
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5.1 Variation of focus topology and focus mechanism with 
geometry shape and incident shock wave strength 
5.1.1 Elliptical profiles 
The initial engagement of a plane shock with a shallow elliptical profile (model 5), as seen in 
Figure 5.1, is similar to the interaction observed in circular profiles. A Mach reflection is 
developed (magnified image in frame a) at the wall where the reflected shock R appears to 
terminate in space; the shear layer L is not visible initially but appears when the Mach 
reflection transitions to a TRR as seen in the inset image in frame a). In short succession the 
Mach reflection transitions from the direct form to the inverse type and finally to a TRR as 
seen in frame b). These rapid transitions occur as a result of the large initial slope of the 
elliptical profile. Thereafter, the triple point of the TRR translates away from the base of the 
profile enlarging the wall shocks – these reflect off each other prior to focus. Clearly, the 




Figure 5.1: Pre-focus wave configuration visualized using interferometry for the interaction of a plane 
incident shock wave 1.2SM   for model 5 with a / 0.25D A  . Time differences between the 
individual frames are 38µs and 130µs respectively. Inset image in a) illustrates the development of 
shear layer L behind the initial Mach reflection. See video 1. 
 
The initial engagement of a Mach 1.45 incident shock wave seen in Figure 5.2 below follows 
the behaviour observed for the weaker incident shock wave seen in Figure 5.1. However, the 
reflected shocks waves R are larger and the wall shocks W are less curved and shorter as seen 
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in frame b). In addition, focus occurs closer to the base of the profile due to increased 
incident shock strength. 
 
 
Figure 5.2: Pre-focus wave configuration visualized using interferometry for the interaction of a plane 
incident shock wave 1.45SM   for model 5 with / 0.25D A  . Time differences between the 
individual frames are 52µs and 74µs respectively. See video 2.  
 
Focus for the Mach 1.2 case occurs at the entrance of the cavity producing a large Mach stem 
P and shear layers B from either end of the stem as seen in frame a) of Figure 5.3. Focus for 
the Mach 1.45 case is identical, as seen in Figure 5.4, producing a larger Mach stem P that 
continues to grow in length as the shock system moves away from the cavity entrance. These 
results indicate that the focus topology is fixed across the Mach number range and it is 
expected that a D type focus would be favoured at higher Mach numbers. 
 
 
Figure 5.3: Focus (type D) and post-focus wave configuration visualized using interferometry for the 
interaction of a plane incident shock wave 1.2SM   for model 5 with a / 0.25D A  . The time 




Figure 5.4: Focus (type D) and post-focus wave configuration visualized using interferometry for the 
interaction of a plane incident shock wave 1.45SM   for model 5 with a / 0.25D A  . The time 
difference between the individual frames is 66µs. See video 2. 
 
Maps of maximum pressure amplification for all three Mach numbers are illustrated below in 
Figure 5.5. These results indicate that large amplifications occur at the start of focus and will 
continue to decrease as the Mach stem P increases in length. Large amplifications are also 
recorded when the wall shocks W reflect off each other as well as along the path of the shear 
layer S. These maps also indicate that the maximum pressure amplification, developed near 
the start of focus, increases with incident shock strength. Interestingly, the variance in the 
pressure amplifications measured across the cavity field is quite small when compared to a B 
type focal topology. 
 
 
Figure 5.5: Maps of maximum pressure amplification history for model 5 with / 0.25D A   at 
1.2SM   (left image), 1.35SM  (centre image) and 1.45SM  (right image) respectively. 
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Figure 5.6 below illustrates the initial engagement for a Mach 1.35 plane shock with a 
circular profile (model 6) of a larger depth-to-aperture ratio. Note that at this ratio the profile 
is in fact circular however it is expected that a value below or above this (resulting in an 
elliptical profile) would not significantly affect the engagement from that observed below in 
Figure 5.6 and Figure 5.7. Returning to Figure 5.6, the inset image in frame a) illustrates that 
no initial reflection pattern occurs at wall; the incident shock curves forward to meet the wall 
perpendicularly due to compressions from the wall. At some stage these compressions 
coalesce and a direct Mach reflection is formed – see frame a). Thereafter, the Mach 
reflection transitions to the inverse type of which the end result is a TRR as seen in frame b). 
This sequence of reflection stages, described in the images of Figure 5.6, is found across the 
Mach number range for this profile shape. 
 
 
Figure 5.6: Interferograms illustrating the progression of a plane incident shock wave 1.35SM   
with a circular profile model 6 with / 0.5D A  . Time differences between the individual frames are 
36µs and 24µs respectively. See video 4. 
 
The focal topology, illustrated below in Figure 5.7 for all three Mach numbers, is shown to 
transition from a B type (seen in the Mach 1.2 case) to a variation of the D type (seen in the 
Mach 1.35 and 1.45 cases) for this profile shape. For both cases the reflected shocks R 
weaken during the focal process and are finally absorbed into the main reflected wave M at 
the end of focal process. In the Mach 1.2 case the reflected shocks R persist just long enough 
to cross and complete the focal process. For the D type focus the reflected shocks persist for 
some time – their point of termination and the end of focal process is indicated by the end of 
the shear layers B. Note the development of Kelvin-Helmholtz instabilities on the shear 
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layers S seen in the Mach 1.35 and Mach 1.45 cases – see videos 4 and 5. The difference in 
focal topology between the two is also apparent by the shape of the shear layers B which for 
the D type focus have formed the typical mushroom shape due to vortices developed on B.  
 
 
Figure 5.7 Inteferograms illustrating focus (top row) and post-focus (bottom row) shock wave 
behaviour for 1.2SM   (left column), 1.35SM  (middle column) and 1.45SM  (right column) 
with a circular profile (model 6) with / 0.5D A  . Time differences between the individual frames of 
the three test Mach numbers are as follows: 78µs for 1.2SM  ; 92µs for 1.35SM   and 110µs for 
1.45SM  . See videos 3, 4 and 5.  
 
Maps of maximum pressure amplification (see Figure 5.8 below) show an increase in peak 
pressure amplification when compared to the more shallow profile model 5. These maps also 
indicate that the maximum pressure amplification increases with incident shock strength and 
occurs near the start of focus. The variance in pressure amplification in the cavity field is far 
larger than that observed in the model 5 i.e. there are far larger differences in pressure 




Figure 5.8: Maps of maximum pressure amplification history for model 6 with / 0.5D A   at 
1.2SM   (left image), 1.35SM  (centre image) and 1.45SM  (right image) respectively. 
 
The final elliptical profile (model 7) considered here has a depth-to-aperture ratio of 0.75 and 
its initial engagement with a Mach 1.45 plane shock is illustrated below in Figure 5.9; the 
progression of the reflection of the incident shock wave observed in this figure is 
characteristic of the reflection behaviour found across the Mach number range for this profile. 
Due to the shallow entry no initial reflection is formed and the incident shock wave is bent 
forward by a series of compressions ensuring a perpendicular termination with the profile 
wall - see inset image in frame a). In frame a) a stationary Mach reflection is formed which 
rapidly transitions to the inverse type. Thereafter, a TRR is formed (see frame b) rapidly 




Figure 5.9: Interferograms illustrating the progression of a plane incident shock wave 1.45SM   into 
an elliptical profile (model 7) with / 0.75D A  . Time differences between the individual frames are 





Figure 5.10: Interferograms illustrating the start of focus (first row), end of the focus (second row) 
and post-focus (third row) shock wave arrangements for 1.2SM   (left column), 1.35SM  (middle 
column) and 1.45SM   (right column). The elliptical profile (model 7) has a / 0.75D A  . Time 
differences between the individual frames of the three test Mach numbers are as follows: 4µs and 
190µs for 1.2SM  ; 8µs and 176µs for 1.35SM  ; 10µs and 208µs for 1.45SM  . See videos 6, 7 
and 8.  
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The focal topology observed across the Mach number range for model 7 is the variant of the 
D type as illustrated in the top row of Figure 5.10 below. As seen in model 6 above, focus 
proceeds until the reflected shock wave R weakens with the passing of the main reflected 
wave M along with the compressions that form R. The third row of Figure 5.10 illustrates the 
development of the shear layers in the focal region where the characteristic mushrooms have 
formed at the top of the shear layers B. Interestingly, in both the Mach 1.35 and Mach 1.45 
cases a rearward jet is formed between the shear layers S. Clearly a point of stagnation exists 
along the centre line of profile between the forward jet J and the rearward jet.  
 
Maps of maximum pressure amplification history are illustrated below as Figure 5.11. These 
indicate that the peak pressure amplification occurs at the start of focus and ends with the 
weakening of the reflected shock waves R. The maximum pressure amplification has 
increased with increased profile depth when compared to models 1 and 2. However, these 
values are not considerably larger than those observed in the shallower profiles. Also note 
that the area of peak pressure amplification reduces with increases in profile depth. 
 
 
Figure 5.11: Maps of maximum pressure amplification history for an ellipse with / 0.75D A   at 
1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right image) respectively. 
 
 
5.1.2 Weighted catenary profiles 
The initial engagement of a plane shock wave with the shallow weighted catenary (model 9) 
is illustrated below in Figure 5.12. Due to the steep entry of the profile a regular reflection of 
the incident shock wave results. Thereafter, as seen in frame a), a TRR forms consisting of 
the shock waves F, R, W though no initial shear layer is visible in the numerical results. The 
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Mach 1.2 and 1.35 cases for model 9 exhibit a similar progression seen below in Figure 5.12; 




Figure 5.12: Interferograms illustrating the initial engagement of a plane incident shock wave 
1.45SM   with a weighted catenary (model 9) with / 0.25D A  . The initial reflection stages seen 
above are observed across the Mach number range for this profile. The time difference between the 
individual frames is 42µs. See video 11. 
 
Figure 5.13 below illustrates the pre-focus, focus and post-focus behaviour for model 9 at 
Mach 1.2, 1.35 and 1.45. In all cases the pre-focus arrangement is identical and no variation 
of the standard focus mechanism occurs. The pre-focus arrangement consists of two three- 
shock reflection patterns consisting of the shock waves R, F and W – the Mach 1.45 case is a 
Mach reflection where the shear layer S emanates from the three-shock intersection. The 
second row of Figure 5.13 illustrates focus where the Mach stem P has formed and shear 
layers B develop from either end of the stem.  
 
The images illustrating the post-focus behaviour indicate that a B type focus occurs for the 
Mach 1.2 case with the crossing of the reflected shock waves R. A type D focus occurs for 
the Mach 1.35 and 1.45 cases where the Mach stem P continues to increase in length 
producing a semi-finite focal region. Note the instabilities that develop along the shear layers 






Figure 5.13: Interferograms illustrating the pre-focus (first row), focus (second row) and post-focus 
(third row) shock wave arrangements at 1.2SM   (left column), 1.35SM  (middle column) and 
1.45SM   (right column) for the weighted catenary (model 9) with / 0.25D A  . Time differences 
between the individual frames of the three test Mach numbers are as follows: 34µs and 36µs for




Figure 5.14: Maps of maximum pressure amplification history for a weighted catenary (model 9) with 
/ 0.25D A   at 1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right image) 
respectively. 
 
Maps of pressure amplification history in Figure 5.14 illustrate the trend observed in the 
elliptical profiles where increasing incident shock strength increases the maximum pressure 
amplification. In addition, the maximum pressure amplification occurs near the start of focus 
with the amplification decreasing thereafter. Interestingly, peak pressure amplification for the 
type B focus ends once the reflected shock waves R have crossed. However, in the D type 
focus there is no clear indication from the shock wave geometry when the focal process is 
complete as seen in the elliptical profile with the disappearance of the reflected shock waves 
R; Mach stem length can not be used as an indicator since in the Mach 1.35 case the length of 
the stem reaches a near constant value as opposed to the Mach 1.45 case where the stem 
continues to enlarge. Clearly the maps above indicate that the peak pressure amplification is 
not sustained indefinitely and that focus is finite. 
 
As noted for model 2 peak pressure amplifications in the focal region are sustained by the 
compressive field between R, M and P. This field along with R produced a strong upward 
flow of air into the triple point of the Mach reflection. Not surprisingly the peak pressure 
amplifications along the path of the shear layers B tend to be larger than those behind the 
Mach stem P as seen in Figure 5.14. Clearly gas dynamic focus for a D type focal topology is 
sustained until the compressive field behind R diminishes. Visually this appears to occur 
when the concavity of R near the triple point changes: at the start of focus R is concave to the 
right however as focus nears completion it becomes concave to the left along with the rest of 
R. This correlates with the behaviour observed in elliptical profiles where the focal process 
ended with the weakening of the reflected shock wave R and/or absorption by the main 
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reflected shock wave M. It seems likely that the change in curvature of R near the triple point 
arises due to the manner in which the compressions adjacent to R convect.  
 
Figure 5.15 below illustrates the initial engagement for a deeper weighted catenary (model 
10) with a Mach 1.45 incident shock wave. Once again the reflection process observed at this 
Mach number is observed across the Mach number range for this profile. Frame a) illustrates 
the initial direct Mach reflection that occurs when the incident shock wave meets the profile 
wall. This Mach reflection transitions to the inverse type as seen in frame b). Note the change 
of curvature of R near the triple point – compressions from the wall are most likely 
responsible for the change in curvature of the shock. The transition to the inverse type results 
in a TRR. Thereafter, a Mach reflection is formed from the shock waves R, F, W and shear 
layer S as seen in frame c). 
 
Figure 5.15: The interaction of a plane incident shock wave 1.45SM   with a weighted catenary 
(model 10) with / 0.5D A  . Time differences between the individual frames are 100µs and 24µs 
respectively. See video 14. 
 
The top row in Figure 5.16 illustrates the pre-focus arrangement for the entire Mach number 
range. For all cases the standard focus mechanism will occur where a single set of triple 
points will intersect each other on the profile’s axis of symmetry. Note the large discontinuity 
in shape of R that occurs near focus. In the middle row the shock system is at focus 
producing a short Mach stem P. Since the reflected shocks have had sufficient time to 
approach the profile’s axis of symmetry due to the increased depth of the profile the focus is 
relatively short. The section of R that is kinked due to strong compressions from the wall 
rapidly diminishes and disappears with the crossing or regular reflection of the reflected 





Figure 5.16: Interferograms illustrating the pre-focus (first row), focus (second row) and post-focus 
(third row) shock wave arrangements at 1.2SM   (left column), 1.35SM  (middle column) and 
1.45SM   (right column) for the weighted catenary (model 10) with / 0.5D A  . Time differences 
between the individual frames of the three test Mach numbers are as follows: 10µs and 40µs for




The last row illustrates the post-focus wave behaviour where a single shear layer B defines 
the focal region. A strong forward facing jet along shear layer B develops two vortices on 
either side of the forked shear layers B – these are developed behind the triple point of the 
Mach reflection of Q, R and M. Maps of maximum pressure history for this profile exhibit a 
similar trend observed for the elliptical profiles (see Figure 5.17) where peak pressure 
amplifications increased from shallower profiles and continue to increase with increasing 
incident shock strength. Once again the size of the area of the peak pressure amplifications 
has decreased and shifts closer to the base of profile with increasing incident shock strength.  
 
 
Figure 5.17: Maps of maximum pressure amplification history for a weighted catenary (model 10), 
and / 0.5D A   at 1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right image) 
respectively. 
 
The final catenary for this section (model 11) with a depth-to-aperture ratio of 0.75 is shown 
below in Figure 5.18. The initial reflection of the Mach 1.45 shock wave results in a direct 
Mach reflection consisting of the shock waves I, R, H and the contact discontinuity L (see 
inset image, frame a). Due to the gradual changes in the slope of the profile the Mach 
reflection persists right to the base of profile. Interestingly, frame a) illustrates a stage of the 
direct Mach reflection where there appears to be no discontinuity in slope between the 
incident shock wave I and the Mach stem H; this characteristic is used to describe the Von 
Neumann reflection defined by Colella and Henderson (1990) where no shear layer is 
present. The Mach reflection transitions to an inverse Mach reflection right near the base of 
the profile as the incident shock wave I is fully reflected from the profile.  In this case no 
TRR is formed and an additional shock wave G is formed such that the Mach reflection 




Figure 5.18: Interferograms illustrating the development of Mach reflection of a plane incident shock 
wave 1.45SM   with the profile wall of a weighted catenary (model 11) with / 0.75D A  . Time 
differences between the individual frames are 48µs and 8µs respectively. See video 17. 
 
Figure 5.19 below illustrates the pre-focus arrangement across the Mach number range for 
model 11. Once the incident shock wave I is fully reflected the reflected incident shock wave 
F forms a Mach reflection with shock waves G and W along with shear layer S. The reflected 
shock waves R tend to translate along the reflected wave G as the system near gas dynamic 
focus. Note that the reflected shock wave G is highly non-uniform in strength; it is likely that 
its strength decreases from the intersection with R towards the profile wall as observed in the 
model 4 (see frame b of Figure 4.32). 
 
The second row of Figure 5.19 illustrates the start of gas dynamic focus for this profile. Focus 
for all three Mach numbers occurs in a small region near the base of the profile. This 
unfortunately, makes it difficult to discern the exact nature of focus. However, the shear layer 
patterns do provide clues as to the focus mechanism which varies from the standard 
mechanism in the Mach 1.35 and 1.45 cases. For the Mach 1.2 case the intersection of the 
reflected shock wave R with G lies close to the triple point of the Mach reflection of G, F, 
and W. It is thus assumed that only single set of triple points intersect and focus on the cavity 
centre line. Frame a) of Figure 5.20 shows that the shear layers S intersect on the centre line 
and a short shear layer B is produced during the focus process.  
 
In contrast frames b) and c) of Figure 5.20 show a second set of shear layers S1 implying that 
multiple gas dynamic foci occur during focus. The wave diagrams of Figure 5.19 for Mach 




Figure 5.19: Interferograms illustrating the pre-focus (first row) and gas dynamic focus (second row) 
shock wave arrangements at 1.2SM   (left column), 1.35SM  (middle column) and 1.45SM   
(right column) for the weighted catenary (model 11) with / 0.75D A  . Wave diagrams below each 
interferogram provide the interpretation of the flow field. Time differences between the individual 
frames of the three test Mach numbers are as follows: 4µs for 1.2SM  ; 2µs for 1.35SM  and 6µs 




Figure 5.20: Interferograms illustrating the post-focus shock wave arrangements at 1.2SM   (left 
column), 1.35SM  (middle column) and 1.45SM   (right column) for the weighted catenary 
(model 11) with / 0.75D A  . See videos 15, 16 and 17. 
 
It seems likely that the first focus occurs when the triple points of the Mach reflection 
consisting of the shock waves G, F and W meet on the centre line. The second focus occurs 
when the triple point at the intersection of the reflected shock wave R and reflected shock 
wave G meet on the centre line - these triple points are responsible for producing the shear 
layers S1. High resolution numerical or experimental studies will be required, especially for 
the Mach 1.2 case, to resolve the shear layers in the focal region to provide a definitive 
answer to nature of focus in this profile. 
 
 
Figure 5.21: Maps of maximum pressure amplification history for a weighted catenary (model 11) and 





Maps of maximum pressure amplification for this model illustrated above in Figure 5.21 
show increases in peak pressure amplification with increasing depth. The double focus that 
occurs in the Mach 1.35 and Mach 1.45 cases produce significantly larger maximum pressure 
amplifications when compared to shallower catenaries or elliptical profiles of the same depth-
to-aperture ratio. Clearly, the concentrated nature of the focus produces significant peak 
pressure amplifications. As seen, in the profiles above the focal area continues to diminish 
with increasing incident shock strength. 
5.1.3 Parabolic profiles 
Figure 5.22 below illustrates the initial engagement of Mach 1.45 plane shock wave with a 
shallow parabolic profile referred to as model 13. The progression illustrated in Figure 5.22 is 
characteristic of the behaviour observed across the entire Mach number range for this profile. 
The initial reflection is regular as seen in frame a). The reflection rapidly progresses onto a 
TRR as observed in frame b). There is no visible shear layer in the numerical results to 
confirm it as a TRR however it seems unlikely that this could be any other reflection pattern. 
 
 
Figure 5.22: Interferograms illustrating the initial engagement of a plane incident shock wave 
1.45SM   with a parabolic profile (model 13) with / 0.25D A  . The time difference between the 
individual frames is 44µs. See video 20.  
The top row of Figure 5.23 illustrates the pre-focus arrangement for all three Mach numbers 
consisting of the three-shock wave intersections of shock waves F, R and W for Mach 1.2 and 
1.35 cases and a Mach reflection for the Mach 1.45 case. These systems proceed to focus in 
the middle row of Figure 5.23 forming the Mach reflection consisting of the shock waves P, 
R and M with shear layers B emanating from the ends of the stem. For the Mach 1.2 case the 
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reflected shock waves R cross thereby completing the focal process forming a B type focus – 
see the third row of Figure 5.23. For higher Mach numbers the focal typology is a D type 
where the Mach stem P persists and enlarges as the shock system leaves the cavity field. 
 
Figure 5.23: Interferograms illustrating the pre-focus (first row), focus (second row) and post-focus 
(third row) shock wave arrangements at 1.2SM   (left column), 1.35SM  (middle column) and 
1.45SM   (right column) for a parabolic profile (model 13) with / 0.25D A  . Time differences 
between the individual frames of the three test Mach numbers are as follows: 34µs and 44µs for
1.2SM  ; 44µs and 116µs for 1.35SM  ; 34µs and 128µs for 1.45SM  . See videos 18, 19 and 
20. 
 
Maps of maximum pressure amplification history (see Figure 5.24 below) for this profile 
illustrate the characteristic peak pressure amplification distributions seen above for the D type 
and B type focal topologies. As expected, maximum pressure amplification goes up with 
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increasing incident shock strength. The maximum pressure amplification for all three cases is 
similar in value to those observed in the elliptical and weighted catenary profiles. 
 
Figure 5.24: Maps of maximum pressure amplification history for a pure parabolic profile (model 13) 
with / 0.25D A   at 1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right 
image) respectively. 
 
Figure 5.25 illustrates the initial progression of a plane Mach 1.45 shock wave into a deep 
parabolic profile referred to as model 14. Once again the behaviour illustrated for the Mach 
1.45 case is observed across the Mach number range for this profile. Due to the initial slope 
of the profile a direct Mach reflection is formed that becomes an inverse type as the Mach 
reflection nears the base of the profile. Thereafter, a TRR is formed which rapidly becomes a 




Figure 5.25: Interferograms illustrating the initial engagement of a plane incident shock wave 
1.45SM   with a parabolic profile (model 8) with / 0.5D A  . Time differences between the 




Figure 5.26: Interferograms illustrating the pre-focus (first row), focus (second row) and post-focus 
(third row) shock wave arrangements at 1.2SM   (left column), 1.35SM  (middle column) and 
1.45SM   (right column) for a parabolic profile (model 14) with / 0.5D A  . Time differences 
between the individual frames of the three test Mach numbers are as follows: 6µs and 38µs for
1.2SM  ; 14µs and 50µs for 1.35SM  ; 14µs and 58µs for 1.45SM  . See videos 21, 22 & 23. 
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The first row of Figure 5.26 illustrates the pre-focus arrangement observed across the Mach 
number range. As observed in the deeper catenary profiles, compressions developed from the 
later sections of the wall have formed a kink in the reflected shock waves R. In the middle 
row the system is at focus forming a Mach reflection consisting of the shock waves P, R and 
M along with the shear layers B. The focus process progresses until the kinks in R have 
dissipated allowing the reflected shock wave R to cross thereby completing gas dynamic 
focus. Due to the increased depth of the profile the reflected shock waves R reach the centre 
line of the profile near the start of focus thereby reducing the duration of focus especially in 
the lower Mach numbers. The last row of Figure 5.26 illustrates the post-focus arrangement 
showing the development of the shear layers B in the focal region and the development of 
vortices on S near the base of the profile. 
 
 
Figure 5.27: Maps of maximum pressure amplification history for a parabolic profile (model 14) with 
/ 0.5D A   at 1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right image) 
respectively. 
 
Maps of maximum pressure amplification illustrate the short duration of focus for the Mach 
1.2 and 1.35 cases where the rate of convergence of the reflected shocks R exceeds the 
motion of the reflected shock wave F and the Mach stem P at focus – see Figure 5.27 above. 
This appears to reduce the size of the focal region and increase the maximum pressure 
amplification; the maximum pressure amplification recorded for the Mach 1.35 case exceeds 
that observed in the Mach 1.45 case. In addition, the area of peak pressure amplification, 
observed in the Mach 1.45 case illustrates that focus is sustained for a longer period of time 
when compared to the Mach 1.2 and 1.35 cases. The maximum pressure amplification 
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measured across the Mach number range for this profile exceeds those found in the elliptical 
profiles and are on par with the values recorded for the weighted catenaries. 
 
The last parabolic profile tested in this section, model 15, has a depth-to-aperture ratio of 
0.75. The initial engagement with a Mach 1.45 plane shock wave is illustrated below in 
Figure 5.28. This figure illustrates the characteristic progression of the incident shock wave 
into the profile as observed across the entire Mach number range. The initial reflection of the 
incident shock wave is a direct Mach reflection – see inset image in frame a). As observed in 
the weighted catenary of the same depth-to-aperture ratio the stem enlarges and is remarkably 
curved (for the Mach 1.45 case) as seen in frame a); there is slight discontinuity in slope 
between the incident shock wave I and the Mach stem H. In frame b) the Mach reflection is 
now the inverse type where the Mach stem H continues to shorten as the triple point of the 
reflection nears the base of the profile. As found in model 11 (pure weighted catenary,
/ 0.75D A  ) no TRR is formed as the full reflection of the incident shock wave I coincides 
with the triple point arriving at the base of the profile. Image 124 illustrates this occurrence 
along with the development of the reflected shock waves G that arise due to strong 
compressions from near the base of the profile.  
 
 
Figure 5.28: Interferograms illustrating the initial engagement of a plane incident shock wave 
1.45SM   with a parabolic profile (model 15) with / 0.75D A  . Time differences between the 
individual frames are 38µs and 14µs respectively. See video 26. 
 
Figure 5.29 below illustrates the pre-focus arrangement for this profile found across the Mach 




Figure 5.29: Interferograms illustrating the pre-focus (first row) and gas dynamic focus (second row) 
shock wave arrangements at 1.2SM   (left column), 1.35SM  (middle column) and 1.45SM   
(right column) for a parabolic profile (model 15) with / 0.75D A  . Time differences between the 
individual frames of the three test Mach numbers are as follows: 6µs for 1.2SM  ; 6µs for 
1.35SM   and 6µs for 1.45SM  . See videos 24, 25 and 26. 
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Since focus occurs in a small area it not easy to discern the exact nature of the focus 
mechanism. Once again the post-focus images (top row of Figure 5.30) will be used to 
establish the nature of focus for each Mach number tested. However, bear in mind that the 
CFD does not always establish weak shear layers thereby requiring further high-resolution 
CFD and/or experiments to establish the exact nature of focus especially for the Mach 1.2 
case.  
 
In all three cases the pre-focus arrangement consists of a Mach reflection formed from the 
shock waves G, W and F along with shear layer S; the reflected shock waves R terminates on 
the reflected shock wave G. As found in model 11 the reflected shock wave G is most likely 
to be highly non-uniform in strength decreasing in strength from the triple point to the wall - 
see attached wave diagrams below each image for the interpretation of the flow field. Note 
that with increasing shock strength the various shock waves involved in focus become less 
curved. 
 
The middle row of Figure 5.29 illustrates the start of gas dynamic focus. In the Mach 1.2 case 
only a single focus is observed as indicated by the shear layer patterns in frame a) of Figure 
5.30. However, the Mach 1.35 and Mach 1.45 cases show the development of an additional 
shear layer S1 – see frames c) and e) of Figure 5.30. This would imply that a double focus 
occurs at these Mach numbers. The first focus occurs with the intersection of the triple point 
from the Mach reflections formed from the shock waves F, W and G with shear layer S. The 
second focus occurs when the triple point of the reflected shock wave G and the reflected 
shock wave R (producing the shear layer S1) meet on profile’s axis of symmetry. 
 
The images illustrating the post-focus wave behaviour (second row of Figure 5.30) show the 
development of three sets of vortices developed on the shear layers S and S1 for Mach 1.35 
and Mach 1.45 cases and on the shear layers B. In the Mach 1.2 cases only the confluence of 
the shear layers S and a short shear layer B are visible. 
 
Maps of maximum pressure amplification (see Figure 5.31) indicate an increase in maximum 
pressure amplification with increasing depth as seen in the cases above. These values are on 
par with those observed at the same depth-to-aperture ratio as the weighted catenary though 
exceed those found in the elliptical profiles. The focal area for all cases is small as expected 




Figure 5.30: Interferograms illustrating the post-focus shock wave arrangements at 1.2SM   (left 
column), 1.35SM  (middle column) and 1.45SM   (right column) for model 15 with 
/ 0.75D A  . Time differences between the individual frames of the three test Mach numbers are as 
follows: 16µs for 1.2SM  ; 36µs for 1.35SM   and 36µs for 1.45SM  . See videos 24, 25 and 26. 
 
 
Figure 5.31: Maps of maximum pressure amplification history for a pure parabolic profile with 





5.2 Gas dynamic focus in deep profiles 
Focus in deep profiles, where deep refers to profiles with a depth-to-aperture ratio of 1, 
provide interesting cases in shock wave focusing. Figure 5.32 below illustrates the initial 
engagement of plane incident Mach 1.45 shock wave with a deep parabolic, elliptical and 
weighted catenary respectively (models 8, 12 and 16). In general the behaviour illustrated in 
Figure 5.32 below is characteristic of the behaviour observed at lower Mach numbers for 
each respective profile. 
 
The incident reflection behaviours in both the parabolic and weighted catenary are identical. 
In both cases the incident shock wave forms a three-shock reflection pattern (see frames a 
and g) where the shock wave H continues to grow in length as the incident shock wave 
progresses deeper into the cavity field; it is highly-likely that this is indeed a Von Neumann 
reflection where there is no discontinuity in slope between the incident shock wave I and the 
Mach stem H. The stem shock H continues to grow in length until the incident shock wave I 
“disappears” - the incident shock wave is essentially a collapsing cylindrical wave  as seen in 
frames b) and h). Thereafter, compressions from the near the base of the profile develop 
adjacent to stem H as the shock system is squeezed into a smaller area. Note that the Mach 
stems H cross near the base of profile for the Mach 1.2 cases of both the parabolic and the 
weighted catenary profiles. Finally in frames c) and i) the compressions appear to have 
developed into shock waves that are translating toward the centre line of the profile while the 
section of the cylindrical wave (labelled as O) is yet to meet the base of the profile. These 
recently developed shock waves G (see inset images in frames c and i of Figure 5.32) will 
produce a three-shock reflection comprising of shock waves G, O and H. However, this 
three-shock reflection is short-lived as the shock wave O is reflected from the base of the 
profile shortly thereafter. 
 
In contrast the elliptical profile forms no initial reflection with the profile wall due the 
shallow entry – see frame d). As the incident shock wave progresses to the base of the profile 
a kink develops on incident shock wave I near the wall as seen in frame e) – fringes provide 
the impression that the compressions from the wall are near forming a reflected shock wave. 
Thereafter, an inverse Mach reflection develops at the wall near the base of the profile 




Figure 5.32: Interferograms illustrating the initial engagement of a plane incident shock wave 
1.45SM   with a parabolic profile (left column, model 16), an ellipse (middle column, 8) and a 
weighted catenary (right column, 12). Time differences between the individual frames of the three test 
profiles are as follows: 54µs and 26µs for model 16; 70µs and 36µs for model 8; 66µs and 28µs for 




The first row of Figure 5.33 illustrates the pre-focus arrangement for all three profiles. Once 
again the focal area is small and CFD results do not provide a clear and definitive account of 
the shock waves that participate in the focal process. Therefore, the behaviour will be 
interpreted based on what appears to be the most likely focus geometry using the pre-focus 
arrangement and post-focus images - wave diagrams below each image provide an 
interpretation of the most likely configuration of the shock waves that focus. For both the 
pure parabolic and pure weighted catenary profiles the pre-focus configuration appears to be 
identical as seen in frames a) and e). In both cases the stem shock H has disappeared along 
with shock wave O. Thereafter, it seems likely that shock wave O (now fully reflected from 
the base of the profile and labelled as F) forms a Mach reflection with the shock waves G a 
new wall shock W along with a shear layer S that emanates from the triple point of the 
reflection pattern.  
 
In contrast the elliptical profile develops a Mach reflection from the reflection of incident 
shock wave I the wall shock W and the reflected shock wave R as seen in frame c). The triple 
points of the Mach reflection will then proceed to focus on the centre line of the profile. Note 
that in all three profiles the focus mechanism is identical: a single set of triple points will 
focus on the axis of symmetry of the profile. 
 
The second row of interferograms illustrates the start of gas dynamic focus for all three 
geometries. For the pure parabolic and pure weighted catenaries the triple points of the Mach 
reflection will meet a short distance from the base of the profile. Thereafter, it is possible that 
a Mach reflection is formed between the reflected shock wave G, a Mach stem P and the 
main reflected wave M. As observed, in the circular profile above (model 6) and model 4 the 
reflected shock waves G will weaken with the passing of the main reflected wave – see frame 
a) of Figure 4.36. It is expected that the weakening of the reflected shock wave G will occur 
shortly after the intersection of the triple points.  
 
Focus in the elliptical profile (see frame d) is similar to that observed in model 7 (elliptical 
profile, / 0.75D A  ) where the triple points of the Mach reflection start the focus process. 
Thereafter, a Mach reflection is formed from the reflected shock wave R, the Mach stem P 
and the main reflected shock wave M. This Mach reflection is sustained until the reflected 




Figure 5.33: Interferograms illustrating the pre-focus (first row) and gas dynamic focus (second row) 
shock wave arrangements for a parabolic (left column, model 16), elliptical (middle column, model 8) 
and weighted catenary (right column, model 12) profiles at 1.45SM  . Wave diagrams below each 
interferogram provide the interpretation of the flow field. Time differences between the individual 
frames of the three test profiles are as follows: 2µs for model 16; 4µs for model 8 and 2µs for model 





Figure 5.34: Interferograms illustrating the post-focus shock wave arrangements for: a parabolic 
profile (left column, model 16), an elliptical profile (middle column, model 8) and a weighted 
catenary profile (right column, model 12) at 1.45SM  . Time differences between the individual 
frames of the three test profiles are as follows: 56µs for model 16; 82µs for model 8 and 38µs for 
model 12. See videos 27, 28 and 29. 
 
Frame c) of Figure 5.34 indicates that a single shear layer B (visible along the centre line) is 
produced behind the Mach stem P. The Mach stem enlarges at some stage leaving behind a 
forked shear layer pattern which develops into vortices due to a strong forward jet driving in-
between the forked pattern – see inset wave diagram in frame c) of Figure 5.34. Note that a 
secondary vortex is formed on the shear layer S – see the wave diagram in frame c). The 
primary vortex develops adjacent to the base of the profile prior to focus (seen in frame d of 
Figure 5.33) where the shear layer L is drawn towards the axis of symmetry of the profile into 
S (due to large velocity behind the Mach stem H) and away from the base of the profile due 
to the strong forward jet developed after focus. The secondary vortex appears to develop after 
the main reflected shock wave M passes through the primary vortex. This occurrence 
separates the vortex into the primary and second vortex rotating in ant-clockwise and 
clockwise directions respectively.  
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The post-focus wave behaviours for both the parabolic and weighted catenary are similar 
where a strong forward jet develops in the focal area developing a set of opposite rotating 
vortices at the top of the shear layers B – see frames a) and e) of Figure 5.34. In addition, the 
strong forward jet propels shear layers B a great distance from the base of the profile when 
compared with shallower profiles. Due to the large depth of the profile the reflected shock 
waves R, having crossed long before focus, form a regular reflection with the profile wall. 
The intersection of the reflected shock wave R1 of this regular reflection and the main 
reflected shock wave M produces additional shear layers N. These shear layers dissipate as 
the intersection of the reflected shock wave R1 near the centre of the main reflected wave M. 
Note that the dark patches adjacent to the shear layers B (see frames b and f) result from the 
attachment of N to the centre line shear layers. 
 
 
Figure 5.35: Maps of maximum pressure amplification history for a parabolic profile (left column), an 
ellipse (middle column) and a weighted catenary (right column) for an incident shock strength of 
1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right image). 
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Maps of maximum pressure amplification history, shown above as Figure 5.35, indicate the 
pressure amplifications recorded for all three profiles across the Mach number range. As 
observed for all three geometry types (except for model 14) increases in depth increase the 
maximum pressure amplification and reduce the area of peak pressure amplification. Both the 
parabolic profiles and the weighted catenaries produced significantly larger maximum 
pressure amplifications when compared to the elliptical profile at the same Mach number. 
The maximum pressure amplifications recorded for both parabolic and weighted catenary are 
significantly higher than those observed for shallow profiles. It is noted that these maximum 
pressure amplifications are mesh dependent and were found to deviate significantly between 
different mesh settings. However, it is still expected that these profiles will produce 
significant peak pressure amplifications due to the change in focus mechanism. Experimental 
testing will be required to determine these values. 
5.3 Shock wave focusing in compound profiles 
The work of Babinsky et al (1998) has shown that the combination of an inlet profile and a 
reflector profile can have a significant effect on shock focusing. In addition, their work 
indicated that a change in focus mechanism is possible with the addition of an inlet. 
Therefore, it may be possible to produce the focus mechanism found in deep profiles in 
compound profiles with a smaller depth-to-aperture ratio. In order to test this hypothesis a 
circular inlet profile was selected and blended with the deepest pure parabolic reflector – the 
geometry construction for parabolic-circular compound profiles is described in section 3.2.2. 
Three compound profiles were generated and are discussed below - see table 3.4 for the 
pertinent properties of each profile. It is noted that there are numerous parameters that can be 
varied in creating these compound profiles which have not been fully explored in this thesis 
due to time limitations. In addition, it is also noted that a certain combination of these would 
likely arise in a change in focus mechanism; Babinsky et al (1998) found that changes in 
focus mechanism were sensitive to changes in timing of the arrival of the various shock 
waves in the focal region.  
 
Figure 5.36 illustrates the initial engagement of a Mach 1.45 shock wave with compound 
profile 17. Due to the blunt entrance a regular reflection of the incident shock wave occurs on 
the inlet. The regular reflection persists into the reflector section of the profile as seen in 
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image 31. Thereafter, a TRR forms from the shock waves I, F, R and W. The behaviour 
observed in Figure 5.36 is characteristic of the behaviour observed across the Mach number 
range for this profile. 
 
 
Figure 5.36: Pre-focus wave configuration visualized using interferometry for the interaction of a 
plane incident shock wave 1.45SM  with compound model 17 ( / 0.2)D A  . Time differences 
between the individual frames are 26µs and 8µs respectively. See video 32. 
 
The pre-focus shock wave arrangements for profile E are illustrated in the top row of Figure 
5.37. In all three cases a three-shock reflection pattern has formed consisting of the shock 
waves F, R and W. In the middle row of Figure 5.37 the system is at focus where the triple 
points of the three-shock reflection patterns have met on the profile’s centre line 
characteristic of the standard focus mechanism. Interestingly, a B type focus topology is 
found across the Mach number range for this profile; the last row of images in Figure 5.37 
show that the reflected shock waves R have crossed (or form a regular reflection that 
precedes the main reflected wave M). This behaviour differs from elliptical, parabolic and the 
weighted catenaries of similar depth-to-aperture ratio where a D type focus topology, 
especially at the higher Mach numbers, were favoured. 
 
Maps of maximum pressure history amplification for model 17 are illustrated below in Figure 
5.38. Increases in incident shock strength continue to increase the maximum pressure 
amplification measured near the start of focus. Interestingly, these maximum pressure 
amplifications are larger than those recorded for the elliptical and weighted catenary of 
increased depth. It seems likely that the inlet has strengthened the reflected shock wave R and 
the compression field adjacent to R thereby increasing the maximum pressure amplification 




Figure 5.37: Interferograms illustrating the pre-focus (first row), focus (second row) and post-focus 
(third row) shock wave arrangements at 1.2SM   (left column), 1.35SM  (middle column) and 
1.45SM   (right column) for compound model 17 with / 0.2D A  . Time differences between the 
individual frames of the three test Mach numbers are as follows: 8µs and 30µs for 1.2SM  ; 10µs 




Figure 5.38: Maps of maximum pressure amplification history for the compound model 17 with 
/ 0.2D A   at 1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right image).  
 
The initial shock wave engagement for model 18 is illustrated below in Figure 5.39. A 
regular reflection of the incident shock wave I at the wall is observed in frame a). As the 
incident shock wave progresses into the reflector section of the profile a Mach reflection 
forms as seen in frame b). Compressions developed from the wall strengthen as the Mach 
reflection nears the base of the profile; a kink in the reflected shock wave R forms as a result 
of the strengthening compressions from the wall as seen in frame c). No TRR is formed in 
this case as the full reflection of incident shock wave I occurs at the same time the triple point 
of Mach reflection arrives at the base of the profile – the Mach reflection having transitioned 
to the inverse type. The progression illustrated below is characteristic of that observed across 
the Mach number range - only minor differences occur between the different cases. 
 
 
Figure 5.39: Pre-focus wave configuration visualized using interferometry for the interaction of a 
plane incident shock wave 1.45SM  with compound model 18 ( / 0.4)D A  . Time differences 




Figure 5.40: Interferograms illustrating the pre-focus (first row), focus (second row) and post-focus 
(third row) shock wave arrangements at 1.2SM   (left column), 1.35SM  (middle column) and 
1.45SM   (right column) for compound model 18 with / 0.4D A  . Time differences between the 
individual frames of the three test Mach numbers are as follows: 8µs and 72µs for 1.2SM  ; 6µs and 
96µs for 1.35SM  ; 6µs and 54µs for 1.45SM  . See videos 33, 34 and 35. 
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The pre-focus shock wave arrangement for model 18 is illustrated in the first row of Figure 
5.40 for all three Mach numbers. In all cases the focus mechanism is identical where a single 
set of triple points meet on the profile’s axis of symmetry. The second row of Figure 5.40 
illustrates the start of gas dynamic focus. In all cases the focus process is quite short with the 
reflected shock wave R crossing shortly after the triple points have met. In all three cases a B 
type focus is observed as also indicated from the pattern of the shear layers B in the focal 
region – see the third row of Figure 5.40. In addition, the short duration of focus results in a 
short centre line shear layer B where the vortices formed from the forked section of B and 
vortices developed on S are in close proximity.  
 
Interestingly, the post-focus images for Mach 1.2 and 1.35 cases show that a regular 
reflection of the reflected shock wave R occurs. The intersection of the reflected shock wave 
R1 with Mach stem T produces a shear layer U. In Mach 1.2 case the intersection of R1 occurs 
at the triple point of the Mach reflection formed from the shock waves Q, Mach stem T and 
the reflected shock wave D. However, in the Mach 1.35 case R1 intersects the Mach stem T 
below the apparent triple point – a shear layer U develops behind this point of intersection.  
 
 
Figure 5.41: Maps of maximum pressure amplification history for the compound model 18 with 
/ 0.4D A   at 1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right image).  
 
Maps of maximum pressure amplification illustrated above in Figure 5.41 indicate for all 
three cases that the maximum pressure amplification is greater than those recorded above for 
the elliptical, weighted catenary and parabolic profiles of greater depth. Increased strength of 




The final compound profile considered model 19 follows a similar initial engagement as 
observed for model 18. Figure 5.42 below illustrates the initial engagement for the Mach 1.45 
case where a regular reflection of the incident shock wave I occurs along the inlet section – 
see frame a). Thereafter, a direct Mach reflection develops as seen in frame b). As the 
incident shock wave progresses further into the profile the Mach stem H increases in both 
length and curvature – see frame c). 
 
Figure 5.42: Pre-focus wave configuration visualized using interferometry for the interaction of a 
plane incident shock wave 1.45SM  with compound model 19 ( / 0.6)D A  . Time differences 
between the individual frames are 40µs and 110µs respectively. See video 36. 
 
The pre-focus shock wave configuration for model 19 is illustrated below in Figure 5.43 
where focus occurs somewhere between frames a) and b). Due to the small area in which 
focus occurs the numerical results do not provide a clear indication of the exact nature of the 
focus. Wave diagrams below each image provide an interpretation of the possible progression 
to and after focus has occurred.  
 
Frame a) shows the pre-focus configuration where strong compressions develop adjacent to 
the Mach stem H (forming shock wave G) and the incident shock wave I is yet to be reflected 
from the base of the profile. In-between frames a) and b) it is assumed that the incident shock 
wave is fully reflected most likely forming a Mach reflection consisting of: shock waves G, a 
short wall shock W and the full reflection of the incident shock wave I. The wave diagram 
below frame b) illustrates the behaviour in frame b) where the main reflected shock wave M 
has formed and the shock system is at focus. Thereafter, the main reflected shock wave M 
expands and the reflected shock waves G weaken into compressions preceding the main 
reflected shock wave M. A Mach stem may form between the reflected shock waves G prior 




Figure 5.43: Interferograms illustrating the pre-focus (left image) and gas dynamic focus (middle 
image) shock wave arrangements at 1.45SM   (right column) for the compound model 19 with
/ 0.6D A  . Wave diagrams below each interferogram provide the interpretation of the flow field. 
See video 36. 
 
 
Figure 5.44: Post-focus wave configuration visualized using interferometry for the interaction of a 
plane incident shock wave 1.45SM  with compound model 19 ( / 0.6)D A  . The time difference 




The post-focus images illustrated above in Figure 5.44 show the development of shear layers 
along the centre line that have formed two opposite-rotating vortices. Clearly, Mach 
reflections must have formed between images frames a) and b) of Figure 5.43 producing a 
short shear layer S and after image frame b) producing a forked shear layer pattern. The large 
length of the centre line shear layer indicates a strong forward facing jet as observed in the 
deep profiles tested above. Interestingly, a regular reflection of the reflected shock wave R 
occurs where the reflected shock wave of the regular reflection intersects the Mach stem T 
producing a shear layer U. Note that the shock wave behaviour observed across the Mach 
number range does differ somewhat from the Mach 1.45 case however the differences are 
slight and do not provide any features of additional interest.  
 
Maps of maximum pressure amplification history for model 19 illustrated below in Figure 
5.45 indicate significant maximum pressure amplifications of similar magnitude to those 
observed in deeper parabolic and weighted catenary profiles (model 11 and model 15) for the 
same Mach number except Mach 1.2 which is slightly lower; the focus process is somewhat 
different for the Mach 1.2 case (see the Mach 1.2 focus process for model 11). Peak pressure 
amplifications occur in a small area near the base of the profile – the focal areas for the Mach 
1.35 and Mach 1.45 cases are barely visible due to their proximity to the base of the profile. 
Clearly, the inlet though leaving the focus mechanism unchanged has strengthened the shock 
waves involved in focus thereby increasing the maximum recorded pressure amplification. 
 
 
Figure 5.45: Maps of maximum pressure amplification history for compound model 19 with 
/ 0.6D A   at 1.2SM   (left image), 1.35SM  (middle image) and 1.45SM  (right image). 
152 
 
5.4 Conclusions and recommendations 
The large quantitative numerical study above has explored what were thought to be the two 
primary factors (as noted by Sturtevant and Kulkarny, 1976) that affected the cavity flow 
field: the reflector profile shape and the incident shock wave strength. In addition, profiles 
with a depth-to-aperture ratio of 1 and a small study on the effect of the inlet profile were also 
considered. This section aims to discuss and summarise the findings of this section along 
with answering the research questions posed in the literature review. 
5.4.1 The effect of the reflected shock wave R on focus 
The weakening of the reflected shock waves R has been shown to indicate the end of peak 
pressure amplifications as observed in elliptical profiles with a / 0.5D A   (model 6). As 
discussed above in section 4.4.1 these shock waves are responsible for directing air into the 
focal region during focus thereby sustaining the peak pressure amplifications. In the weighted 
catenary and parabolic profiles changes in the curvature of R, shaped by the trailing 
compression field, indicated the end of the peak pressure amplifications. It seems likely that 
the convection of the compressions in this field along with their absorption into the main 
reflected shock wave M during focus affect the length of focus for both the D and B type 
focal topologies respectively. On this point: in the case of deep profiles compressions that 
arise near the base of the profile wall will form a new shock wave G. This shock wave G may 
form a Mach reflection with the Mach reflection already present (pure parabolic or weighted 
catenary reflectors with / 0.75D A  ) or may be the only Mach reflection present before 
focus (pure parabolic or weighted catenary reflectors with / 1D A  ). The weakening of G is 
very similar to the weakening of R in the elliptical profiles and will most likely coincide with 
the end of peak pressures measured in the focal region. However, this can’t be confirmed 
from the present work and will require higher resolution numerical or experimental studies of 
focus in deep profiles. 
5.4.2 Effect of profile shape and incident shock strength 
5.4.2.1 Elliptical profiles 
In general variations in profile shape and incident shock strength were quite small and it 
appears that the depth-to-aperture ratio produces the most significant variations in the 
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primary flow features. That said variations in profile shape were most apparent when 
comparing elliptical profiles with pure parabolic profiles and the pure weighted catenary 
reflectors. In the elliptical cases, identical to the circular cases, no initial reflection of the 
incident shock wave occurs – a Mach reflection would only form later in the interaction. This 
would result in a weaker reflected shock wave R. In addition, the strength of the compression 
field that forms adjacent to R due to the later sections of the wall has a strong influence on 
focus. Results have shown that increasing the profile depth and/or incident shock strength 
would result in compressions that would either form a kink in R or a new shock wave G. In 
elliptical profiles the base of the profile is more flat than its parabolic and weighted catenary 
counterparts. The end result is a weaker focus that occurs far from the base of the profile with 
no variation in the focus mechanism below a depth-to-aperture ratio of 1. Therefore, 
maximum pressure amplifications recorded in elliptical profiles were lower - especially at 
higher depth-to-aperture ratios where the differences were far larger than those recorded in 
the other two profiles shapes.  
5.4.2.2 Parabolic and weighted catenary profiles 
In comparison the weighted catenary and parabolic profiles produced a finite reflected shock 
wave R from the onset of the interaction due to the initial slope of the profile entrance. 
Perturbations arising from the initial sections of the wall right through to near the base of the 
profile would terminate on R thereby increasing its strength. In addition, rapid changes in 
curvature near the bases of these two profile shapes increased the strength of the reflected 
shock wave R resulting in either a kink in R or the development of an additional reflected 
shock wave G – these effects occurred in profiles with depth-to-aperture ratios between 0.5 
and 0.75. The development of the additional reflected shock wave G resulted in a change of 
focus mechanism (multiple gas dynamic foci) which corresponded to significant increases in 
the recorded maximum pressure amplification as seen in deep profiles. These multiple foci 
occur, as observed in model 4, due to the convergence of the incident shock wave at focus 
and a strong convergence from each profile wall both of which occur nearly simultaneously. 
As mentioned in section 2.4.1 it seemed conceivable that a point focus would occur in deep 
profiles. The results from profiles with depth-to-aperture ratios of 1 show that this not 
accurate though the focus is of short duration and highly concentrated. Also note that the 
numerical results indicate that only a single focus occurs in the pure parabolic and weighted 
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catenary profiles with depth-to-aperture ratios of 1. Once again this may be a result of the 
CFD code. Additional studies are recommended to ascertain the exact nature of focus. 
5.4.2.3 The effect of inlet shape 
Compound profiles exhibited no change in focus mechanism or interestingly focus type - 
across the Mach number range for each profile the focus topology remained the same. 
Interestingly, the maximum pressure amplifications were larger than those observed in the 
pure parabolic, elliptical and weighted catenaries of larger depth-to-aperture ratios. These 
increases are likely due to the strengthening of the individual shock waves involved in focus 
and the short duration of focus. It was noted that the current study using inlet profiles was 
quite limited due to time limitations. It seems likely that an expanded model set may likely 
yield a change in focus mechanism with the right combination of inlet and reflector profile. 
5.4.3 Summary 
In general increases in the depth-to-aperture ratio increased peak pressure amplifications (at 
least numerically speaking) and confirm the results of Nishida M (1989). Increases in 
incident shock wave strength also served to increase peak pressure amplifications. In 
addition, maps of maximum pressure amplifications graphically indicate that increases in the 
depth-to-aperture ratio (for both standard and compound profiles) reduce focus peak pressure 
amplifications to an increasingly smaller area that approaches the base of the profile. It 
appears that a combination of the strengthening of the individual shock waves involved in 
focus and the duration of focus are the primary factors which influence the peak pressure 
amplifications. As discussed in 2.5.2, Skews and Kleine (2009b) are correct that the shape of 
perturbations at focus will affect peak pressure amplifications where non-linearity tends to 
spread these perturbations; this statement is accurate when comparing maximum pressure 
amplifications of B type and D type focus. However, increases in incident shock strength for 
a fixed focus topology (see model 2) appear to increase the maximum recorded pressure 
amplification. Therefore, peak pressure amplification needs to be discussed with respect to 
both of the two primary factors indicated in the results above: incident shock wave strength 






Increases in the depth-to-aperture ratio and incident shock wave strength have been shown to 
be the two primary factors affecting both the focus mechanism and focus topology. Increases 
in the depth-to-aperture ratio have been shown to increase the maximum pressure 
amplification across three different reflector profiles and in compound profiles. In addition, 
the area of peak pressure amplification decreases with increasing incident shock strength 
while shifting closer to the base of the profile.  
 
The reflected shock waves R along with the compressions adjacent to it have been shown to 
be of great importance in the focal process. Shearing interferometry flow visualization and 
numerical pressure measurements have shown how the compression system steepens as the 
shock wave system nears focus. The strength of these compressions has been shown to affect 
the curvature of the shock wave R and in deeper profiles alters the focus mechanism. During 
focus the shape of R, affected by the adjacent compression system, drives incoming air into 
the focal region thereby maintaining peak pressure amplifications in the focal region. During 
the focus process the strength of the compression system has been shown to weaken due to 
the manner in which the compressions convect along with their absorption into the main 
reflected shock wave M. The weakening of the compression system affects the curvature of 
the shock wave R which ends the focus process. For a B type focus the reflected shock waves 
R will be permitted to cross. For a D type focus, as seen in shallow pure elliptical profiles, 
focus ends with the weakening of the reflected shock waves R. For a D type focus in pure 
parabolic and weighted catenaries reflectors changes in the curvature of R coincide with the 
end of the peak pressure amplifications in the semi-finite focal region.  
 
This work has shown that a new focus mechanism exists producing multiple gas dynamic 
foci. This new focus mechanism has been shown to occur in pure parabolic and weighted 
catenaries with depth-to-aperture ratios between 0.7 and 0.75. The focus mechanism occurs 
due to the formation of an additional reflected shock wave G along with an additional triple 
point; this reflected shock wave G occurs due to the rapid convergence of the flow from the 
walls of the profile. The new focus mechanism produces significant peak pressure 
amplifications in a small area near the base of the profile. Additional high resolution CFD 
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work and/ or experimentation are required to fully resolve the focus in deep parabolic and 
weighted catenary profiles.  
 
Quantitative flow visualization in combination with numerical pressure measurements have 
indicated the presence of expansions fields in the following areas: 
 
 Behind the Mach stem (stem that develops at focus for the standard focus mechanism) 
and the main reflected shock wave M that develops during the focus process. This 
expansion field is highly non-uniform and decreases in magnitude with both distance 
from the main reflected shock wave or Mach stem and with time elapsed after the 
start of focus. This expansion field has been shown to accelerate incoming air flow 
away from the focal region. Importantly, the constant in-flow of air into the focusing 
wave supports both peak pressure amplifications during focus in the focal region and 
areas of stagnation in and around the base of the reflector during and after focus. 
 Behind the reflection point of a regular reflection that occurs when the incident shock 
wave interacts with a shallow profile. Velocity vectors plots indicate that this 
expansion is responsible for accelerating incoming airflow up the profile wall. 
 Behind the Mach stem of a Mach reflection of the main reflected shock wave M with 
the profile wall. The extent of this expansion field is quite large. 
 Behind the triple point of the Mach reflection that focuses on the profile’s axis of 
symmetry. 
 
Variations in the B type focus topology found in previous cavity flow studies and this work 
where a single shear layer is visible in the focal region will require further study. Compound 
profiles also provide interesting opportunities for further study into variations of the focus 
mechanism. Experimental pressure measurements in the focal region also require attention to 
corroborate the numerical results which indicate increases in maximum pressure 
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8 APPENDIX A 
 









9 APPENDIX B 
Shock tube facility - University of the Witwatersrand 
The automated shock tube consists of a varying cross-section double diaphragm compression 
chamber and a driven section with a rectangular cross-section. Figure 9.1 below illustrates the 
driver section of the shock tube. Both the compression chamber and the intermediate chamber 
run along two straddling tie rods and are driven by a single hydraulic actuator. Diaphragms 
are clamped between the flanges of the compression chamber and the intermediate 




Figure 9.1: General layout of the driver section consisting of the compression chamber and the 
intermediate compression chamber. Figure taken from Seitz (2001). 
 
The double diaphragm compression chamber is fitted with a two stage contraction geometry 
which permits stronger shock waves for a given diaphragm pressure ratio (Seitz, 2001). It 
also ensures that no mechanical diaphragm breaker is required to burst the diaphragms of the 
compression and intermediate chamber - the sequential rupture of both diaphragms occurs 
due to over-pressure rupture at each diaphragm station. Figure 9.2 below illustrates the 





Figure 9.2: A cross-section of the double diaphragm compression chamber illustrating the two-stage 
contraction geometry. Figure taken from Seitz (2001).  
 
The shock tube is specifically suited to taking pressure measurements owing to its expansion 
chamber and test section design. The expansion chamber is constructed from coarse-flake-
grey cast-iron shown to have good vibration damping properties - wall resonance effects 
generated by the passing shock wave can significantly effect the measurements from pressure 
transducers mounted into the wall of the shock tube (Seitz, 2001). One of the test section 
doors features a grid of equally spaced port holes specified for the dimension of a 
PCB113A21 and PCB 113B21 series piezo-electric pressure transducer; this door replaces 
one of the test section doors fitted with schlieren grade glass for flow visualisation of the test 
section. The rectangular cross-section of the test section measures 180 mm high by 76 mm 
wide where model 1 was attached to the rear of the test section using 3 M-6 bolts. When both 
test section doors are closed and tightened there is a minimal gap between the model and each 
door (the sum of the gaps measured in the z direction between the model and both doors is 
less than 1 mm).  
 
The automation and data acquisition operations for the shock tube are performed by a 
Pentium 4 PC running custom software developed for the shock tube by TLC Engineering 
Solutions. A National Instruments high-speed data acquisition NI 6110 PCI card records data 
from the analogue high-speed channels onto the PC capable of a maximum sampling rate of 
5MS/s per channel. The data acquisition system is triggered via two PCB piezo-electric 
pressure transducers mounted flush with the side wall of the shock tube; these sensors are 
also used to determine the wave speed since the distance between the sensors is known. All 
of the PCB pressure transducers, used for the pressure measurements and wave speed 
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calculation, have a rise time less than 1 µs and a 689.5 bar pressure measurement range. The 
pressure sensors are driven using a constant current PCB signal conditioner with the gain set 
at unity. The ambient room air temperature is measured using a National Semiconductor LM 
35 precision centigrade temperature sensor allowing the computer to calculate the local sound 
speed. These two measurements permit the Mach number calculation for the shock wave. All 
of the test information and pressure measurements are stored after each test and can be 
exported as Matlab data files for further post-processing. 
 
Calibration of the shock tube was performed by first determining the burst pressure for each 
Mylar diaphragm thickness at a fixed diaphragm station. This was followed by performing a 
Mach number calibration where the pressure ratio between the two compression chambers 
was varied at a set of values between and including the minimum and maximum pressure 
ratio value for each specific diaphragm combination. The results thereof provided the Mach 
number range for that specific diaphragm combination. These settings are stored in a database 
on the PC. 
